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Abstract

This thesis deals with numerical simulations of gravity sand casting processiesdroduction of

large steel parts. The entire manufacturing process is numerically modeled and evaluated, taking into
consideration mould filling, solidification, solid state cooling and the subsequent stress build up. The
thermal analysis is then cdained with evolutionary mulbbjective optimization techniques in a
search for the optimal thermal aspects and conditions for producing sound and competitive castings.
The goals of the optimization procedure are related to the casting and rigging aekstgndafects
occurrence. In other words, it is desired to eliminate all of the potential casting defects and at the
same time to maximize the casting yield. The numerical optimization algorithm then takes these
objectives and searches for a set of thestigated process, design or material parameters e.g. chill
design, riser dégn, gating system design, etc., which would satisfy these objectives the most.

The first step in the numerical casting process simulation is to analyze mould filling where the
enphasis is put on thgating system design. There are still a lot of foundry specialists who igeore
importance of a good gating system dasigence, it icommon to seegspecially in gravity sand
casting,”traditional gating systems” which are knovar & straight tapered down runner a well base

and 90° bends in the runner system. There are theories supported by experimental results claiming
that flow patterns induced byon-optimal gating systems can cauaevariety of defects which are
generally not considered to be filling related, such as hot tears and channel segregates. By improving
the gating technology in traditional gating systems it is possiblchieve much higher casting
integrity with less defects and also to reduce the amount of mdtalremelted, hence reducing the
energy consumption for melting in foundries. Guidelines on how to approach gating system design
are given together with examples on how the separate elements constituting gating systems which
affect filling patterns and sisequent defects occurrence.

Investigation and optimization of thermal behavior of steel castings is the main focus area of this
thesis. The intention is to show and discuss a relation among threknawih casting defects,
namely centerline porosity, ht#ars and macrosegregation. It occurs that all of these defects depend
on thermal gradients, cooling rate, pressure drop over the mushy zone and solidification pattern. It is
not a standard procedure in daily foundry practice to run convection, macgzagegreand stress

strain calculations on all projects to identify macrosegregation and hot tearing, because of insufficient
computational power in many foundries. As a result, many castings are being produced without any
knowledge of these two defectBhe consequences are known to everybody. The methodology or
approach, adopted during the study, lies in utilizing the prediction of centerline porosity for the
subsequenassessment of hot tears and macrosegregation. The Niyama criterion is used for this
purpose. If there are any narrow areas or channels with high Niyama values, they indicate a presence
of high thermal gradients over a narrow region and hence high thermal straining which may lead to
hot tearing. If Niyama values are very low, flat thermal gpaid are preserih this area, which

means that there is not a directional and progressive solidification pattern and there will be issues
with centerline porosity. Moreover, flat thermal gradients imply large extent of the mushy zone
which may promote nwosegregation and especially channel segregates. One can now see that
indeed macrosegregation and hot tearing can be addressed by standard thermal calculations, just by
using the Niyama criterion. This should not be understoostrassstrain analysis oconvection
calculations can be entirely omitted, not at all. But they can be reasonably substituted in the initial
(informative) calculation or when there is not time to run proper s$tem® or convection
calculations.

The methodology applied in thbBermal analysis is then exploited in numerical optimization. It is
shown and verified that it is possible to eliminate hot tears and macrosegregation issues by
minimizing centerline porosity and by establishing the directional and progressive solidificatio
pattern towards the heaviest area of the casting. fdbiictive Genetic Algorithms are applied to
handle this task. Three industrial case studies are presented in which minimization of riser volumes
and minimization of the three aforementioned defects are pursued by modifying the riser and chill
designs and their placement.
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Chapter 1
1. Introduction

1.1.Objectives of thework

The foundry industry, probably more than any other branch of industry around the world, is
constantly exposed to new challenges. Besides increased economical demands, especially regarding
personnel and material resources, the foundry industry must comply with continuously increasing
demands for high quality castings, documentation and delivagy ti

The fundamental issue for design department in foundries is improving efficiency. Thus it is obvious
that for foundries who want to succeedni longer applies that the production is governed by
experienceédased innovation or tri@nderror methods onlyin this area substantial changes have
occurred over the last two decades by incorporating numerical casting process simulation, also
referred to as virtual prototyping into daily foundry practice. This technology enables designers to set
up robust an@asyto-optimize processes, working well before any tooling has been built, and hence
resulting in savings of both cost and time and giving the industry a definite edge over the
competitors.

Casting simulation aims at using physically realistic modelspiwvide detailed information about
material flow and heat flow, and with that, also information about the local microstructure evolution,
nonuniform distribution of mechanical properties, residual stresses and distortionupuild-
consequently leadingtsubstantial improvement in predicting thesarvice behavior of the final
product.

The objective of this study is to apply numerical models for investigating, controlling and optimizing
thermal conditions in various metedhsting processes. This means investigating how the melt flow
and the subsequent heat flow influence local microstructure evolution, defects occurrence, the
casting’s soundness, mechanical properties and consequent residual stresses. All of this is done by
means of numerical simulatiand optimization techniques, respectively. Maost of the investigations
have been oriented on gravity sand casting of large steel castings.

Major focus has been put on solidification as the most influential stage in the whole casting process.
The solidificdion pattern is initially governed by the flow field during mould filling which provides
essential insights into the temperature fields, surface turbulence and resulting defects. The
solidification pattern itself is influenced by the geometry of the agsiis alloy chemistry, the
surrounding mould material and by the applied casting technique. Consequently, based on the
thermal conditions it is possible to predict the microstructure at given areas of the casting, defects
occurrence and final mechanicaloperties. On top of that, one should bear in mind that the
solidification pattern is directly coupled to the subsequent mechanical behavior of the casting,
providing valuable indications of hot tear susceptibility, thermally induced stresses and sttlains a
final residual stresses that all together control tkeeiwice properties of the given cast part.

In order to obtain a better overview of some of the fundamental mechanisms involved in all metal
casting processes, the physical phenomena have bedaddinto two subsystems, i.e. thermal and
mechanical behavior, followed by an approach referred to as integrated modeling where the coupled
thermal and mechanical behavior is combined with the load situation.

Besides the casting process modeling investigat autonomous optimization based on genetic
algorithms has been applied to most of the presented case studies with the aim of finding optimal
process parameters, casting geometry and thphysical properties with respect to predefined
conflicting objectives. These objectives have been handled as-ahjéctive optimization problems.

It will be shown how fully automated optimization techniques, in our roblictive genetic
algorithms, can be exploited in solving both simple and complex castaiged issues. In addition, a
methodology will be presented on how the Niyama criterion which predicts the presence of centerline
porosity can be utilized in optimization of macrosegregation, channel segregates and hot tearing. It is
not possible, at least cgmtation timewise to directly optimize hot tearing and macrosegregation
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profiles in castings. One standard convection and segregation analysis which is necessary for this
purpose takes roughly 24 hours on a standarmbdate multicore work station, usg a reasonably

fine computational grid and the same applies to saas analysis which is necessary for hot tear
prediction. Considering that a typical optimization cycle comprises from 1000 to 2000 independent
designs, nobody in industry would affiodoing this type of optimization. This explains why there is a

gap in information in literature or in scientific papers on this type of optimization. Therefore, the idea
of the optimization problems presented here has been to utilize the existing apcbwestl physical

link between these defects and optimize the macrosegregation profiles and hot tears indirectly by
means of the Niyama criterion. In other words, by finding proper riser and chill designs steeper
thermal gradients and progressiiesctiona solidification pattern will be established and all of these
defects should be eliminated.

The entire work throughout the Ph.D. studies has been devoted to numerical modeling of various
aspects of the metal casting processes. Material and especially heat flow have been investigated with
respect to evolution of microstructure, defects and transient as well as residual stresses during
casting. All information and data have been provided by the simulation software MAGRASoft
(MAGMA Giesserei Technologie GmbHylevoted solely to metal casting. All optimization cases
have been dealt with using the biitoptimization module MAGMArontier (MAGMA Giesserei
Technologie GmbH).

1.2.Modeling of Foundry Processes

The following presentation is inspired by Halttel

A need for modeling of foundry processes usually initiates from a technological problem, e.g. to test,
analyze and/or optimize a certain casting layout or its manufacturing process. The first step in solving
the given problem comprises describing this problem by the proper physical terms. For instance the
mould filling can be taken as a fluid flow problem, solidification is recognized as a heat transfer
problem and the distortions as a solid mechanical problem. The second step would be to describe
these physicalmpblems by a proper mathematical model applied h 8 case of mould filling, a
detailed flow analysis could be obtained by solving tH# [SavierStokes equations. In the case of
solidification a full 3D heat conduction analysis involving various matgy-based models for
solidification should be applied if a thorough analysis on a complex geometry should be carried out.
Although, the numerical solution implies a complex mathematical model, the solution to the given
technological problem always is approximation of the original problem no matter the solution
method.

Once the mathematical problem has been solved, the results should be interpreted. Even though this
issue is not the major part of mathematical modeling, it is essential to all matladmsatiition of

real physical problems. In all manufacturing processes, casting as well, the misinterpretation of
otherwise correct mathematical results could lead to totally wrong conclusions, and hence to no
reasonable solution of the given problem. Tlasid flow of steps from the initial technological
problem to the final solution is shownhigure 1.1

Figure 1.1: Flow of steps involved in the solution of a technological problem. Figure adapted from Hattel

2



The startingpoint for a numerical modeling of casting processes is the geometry, provided by the
design/construction department or by a customer. This geometry is then modified for better
castability, e.g. sufficient draft, machining allowances, shrinkage allowastcedhased on empirical
knowledge and practical experience. The geometry then serves as the basis for the subsequent
calculations that will result in a proper analysis or even in optimization of the casting process. The
standard casting analysis includegaluations of the layout, i.e. inlet, gating, feeding or cooling
systems, various types of defects. The subsequent numerical optimization seeks for designs and
layouts favorable in terms of lower susceptibility to hot tearing, residual stress and deformation,
improved filling and feeding, increased casting yield etc., to increase the overall quality of the
casting.

In a foundry or steel works, parameters such as alloys, process and geometry will often be
predetermined to a high degree. Besides optimizing these parameters within narrow limits, the
mathematical modeling and numerical simulations will be related especially to optimization of
casting velocity, cooling rate and layouts, i.e. casting conditions, gating systems, chills, risers and
local insulatio.

The basic flow of any numerical model based calculation containsmaressing part, a calculation
part and a posgtrocessing parfigure 1.2 These will be discussed | detail in the following.

Figure 1.2: Flow diagram of the interrelationship of casting simulation modules, figure inspired by Hattel



1.2.1.The Pre-Processing: Definition of the Problem

Casting simulation starts with a geometry defined by a CAD model of the casting, mold, gating,
chills, risers, padding, etthat are part of the casting system. It is of great importance to take into
consideration all elements of the casting system that can have any impact on filling calculations and
the subsequent solidification and cooling. In essence, the primary goal in numerical modeling should
always be to “mimic” the real casting process as close as possible to achieveresaliipling
results.

As stated above, due to the geometrical complexity of industrial castings and the number of variables
involved, it is virtudly impossible to describe the entire casting process analytically. This issue can

be relatively easily overcome by means of numerical methods based on suitable numerical models
obtained by methods of discrete representation, i.e. control volumes, flaitgeends, finite
differences or others. The analyzed domain is suitably split into a large number of volumes, the so
called mesh or the grid, which is based on simplified geometrical elements, e.g. cubic or tetragonal.
Hence, the quality and precision of the subsequent results are directly related to both the employed
algorithms and the accuracy of the computational mesh. On the other hand, as the mesh becomes
finer, the computational time increases. Therefore, a balance needs to be found between the needed
accuracy and the computational time that can be sacrificed for a particular simulation.

In essence, one could say that the major steps covering the whole casting process, i.e. mould filling,
solidification and solid state cooling, can be described by sne&ra mathematical approach of
varying complexity. But before the equations governing these physical phenomena can be solved, the
necessary initial and boundary conditions, process parameters and the properties of the materials
involved in the casting poess must be available

Boundary as well as initial conditions allow for parameters such as initial pouring temperatures,
casting size and its geometrical configuration, i.e. feeder placement, cores, chills, insulation, mould /
die configuration, i.e. peement of the gating system, cooling system, ventilation system, ejecting
system, etc., to be taken into consideration. Besides that, to set up a reasonable simulation it is
required to have detailed information concerning temperature dependent material and thermo-
mechanical properties at disposal, such as:

X As to the cast alloy: extend of the solidification range, temperature dependent viscosity, density,
thermal conductivity, diffusivity, temperature dependent Young's modulus and vyield strength,
thermal epansion coefficient, and many others.

X As to the mould / die: temperature dependent theghysical properties such as heat transfer
coefficient at the metal/mould interface, sand density, thermal conductivity of the sand mould,
specific heat capacity, theal diffusivity, sand permeability, temperature dependent Young's
modulus and vyield strength, thermal expansion coefficient, and eventually chilling/cooling
systems characteristics.

Apart from the material data themselves, information regarding procesgangarameters must be
known or at least estimated:

x High pressure die casting: definition of the velocity curve during filling, closing and opening
time, lead time, coating application, operating time of the cooling system, ejection time, closing
force d the machine, etc.

x Gravity sand casting: filling mode, i.e. manual ladle filling, ppur ladle, bottoriill ladle,
multiple stoppers in one ladle, height of the ladle above the pouring cup, simultaneous filling
from multiple ladles, refilling of the operisers with fresh melt after certain time, time of
removing the casting from the mould, referred to as shake out, time and temperature when risers
and the gating system are burned off, type of heat treatment and its operating time and
temperature, etc.

It is thus important to realize that the results of a foundry process simulation can only be as good as
the material and process parameters applied in the simulation. For this reason, it is important to use
the most accurate material, therpioysical and termomechanical data available and to specify the
process in as much detail as possible in order to benefit the most from the casting simulation.
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1.2.2.The Calculations Part

After the geometry and mesh definition, the most demanding part of the numerical isimulat
follows, with respect to the algorithmic development and the computational capacity requirements
the actual solution of the governing equations. It is clear that these calculations, in which primitive
fields such as temperature, velocities, pressure, displacements, stresses, etc. are determined, require
the solution of the governing differential equations. These equations often comprise several coupled
partial differential equations with one or more dependent variables, e.g. temperature, and four
indeendent variables, time and space (x, y, and z). All these equations express a certain balance or a
conservation principle, established by specific physical quantities as dependent variables. These
variables will be the temperature in the heat conductiomtéan, the concentration in the Fick™ 2

law, the stresses in the equilibrium equations, displacements in the Navier equations, and the
velocities in the momentum equations.

In general, the calculations connected with a numerical simulation of any kind of casting process
contains of three major successive parts, i.e. fluid flow, solidification and solid state cooling and
stress/strain analysis, as illustratedrigure 1.2. These will be briefly discussed in the following.

1.2.2.1. Fluid Flow: Mould Filling

Fluid flow plays a very important role in the production of sound quality castings. Mould/die filling

is the very first step of every casting process. For all castings processes, mould/die filling determines
the quality of the final product. Excessive surfaoebtlence, air or gas entrapment, swirling,
interrupted flow, oxidation, premature solidification, mould/die erosion, any of these factors can spoil
the final product®. However, some casting techniques are more sensitive to an improper filling
pattern tlan others, qualityise. For instance in highressure die casting of thimalled aluminum
castings, the flow pattern is by far more decisive and influential for the casting’s soundness as
compared to rather slow gravity sand casting of large steel oircastastings. After the mould

filling phase, during subsequent solidification of the casting, fluid flow steps in again. Buoyancy
effects, segregation of the alloying (solute) elements, shrinkage flow, and flow due to gravity forces
are the examples oluid flow phenomena that can take place during the solidificittoModeling

of the fluid flow is required if the above phenomena need to be taken into account. In order to be able
to model the mould filling properly, the following equations must beesbl

x The three momentum equations, i.e. momentum conservation, together with a suitable
constitutive law relating stresses and velocities, typically incompressible, Newtonian fluid for
metals.

X The continuity equation, i.e. mass conservation.
X The energy equation, i.e. energy conservation

Important phenomena that should be taken into account are e.g. temperature dependent viscosity and
tracking of free surfaces. These Horear phenomena are often taken into consideration in an
explicit manner in the numeal formulation. It should be noted that for especially thailed

castings, surface tension could play an important role. This adds yet anotii@eadty to the fluid

flow analysis.

1.2.2.2. Solidification

After the mould filling the casting starts to solidiin order to model this and the following solid-

state cooling, a wide range of engineering and scientific disciplines including heat and mass transfer,
thermodynamics, materials science, stability theory, metallurgy must in general be addressed. Tied
together in rigorous solidification theory, this can be used in the design of castings or casting
processes to control the mechanical, chemical and physical properties of the finafproduct

The basis of any solidification model is the energy equation, i.e. energy conservation and the
momentum and continuity equations if fluid flow is not neglected, with release of latent heat. As
mentioned before, fluid flow could also be necessary to include during the solidification analysis.
However, in many cases, thensective terms are often neglected for the purpose of establishing a
first impression of the temperature field during solidification.



1.2.2.3. StressStrain Analysis

After the mould filling and solidification analyses, the modeling of stress/strain phenomena should be
carried out. In general, the solidification and stress/strain analyses are fully coupled problems,
meaning that they should be made simultaneously. However, if suitable measures are taken, the
thermemechanical analysis of a casting process may noyrbalperformed in a serabupled way,

that is, in a sequential manner, where the temperature analysis is performed first and the mechanical
analysis follows within each time step, $égure 1.2.

Some of the important phenomena to be addressed in theothexamanical analysis are linear
thermal contraction, sohdtate phase transformations, shrinkdgpendent interfacial heat transfer

due to relative motion between the casting and the mould, mould distortion, temperature and time
dependent plasticity, ldyostatic pressure from the liquid solidification and cold crack and/or hot tear
formation. All of these phenomena are obviously not equally important and as for other branches of
numerical process modeling, one of the keys to the successful stress/strain analysis of a casting
process is to take into account only what matters for the solution of the problem at hand. The thermo
mechanical analysis involves the solution of the following equations in the general case:

X The energy equation, i.e. energy conseovat

X The three equilibrium equations together with a suitable constitutive law relating stresses and
displacements or displacements rates. Typically, a rate independent-tiasteplastic theory

1.2.3.The postprocessing: Presentation of the results

When allthe relevant calculations are finished, the resulting basic fields, i.e. temperatures, velocities,
pressure, displacements, stresses, etc., should be presented in an appropriate way.

In evaluating the results of a mould filling simulation, particulagrdibn is commonly paid to the

filling pattern of the casting in order to determine potential inadequacies or arising defects. For
instance air/gas entrapment in various areas of the casting is a very common phenomenon that needs
to be addressed by thelifig pattern results. In gravity sand casting, velocities, e.g. at thin gates or
inside the casting cavity, that are too high may lead to splashing, formation of melt fountains, melt
disintegration referred to as fingering, recirculation of swirling irtthgaregions with mould erosion
leading to sand inclusions, as well as where formation of oxide films can be expected and air may be
entrained into the liquid metal resulting in air/gas bubbles. Observing the temperature field during
filing can indicate vinether cold runs can be expected. The temperature field right after filling
establishes a starting point for the subsequent solidification calculations and helps to determine
whether it supports the feeding of the volumetric shrinkage of the metal dolifification.

Based on this initial thermal field a proper heat flow calculation can be evaluated, giving the
possibility of correlating the solidification pattern expressed by thealed solidification
parameters with the microstructural charactessti.e. dendrite arm spacing, and the maor
micro-porosity content of the casting or the concentration profiles indicating issues with segregation.
The solidification parameters are:

X Local solidification timds a parameter indicating the time at which particular areas of the casting
dropped below the solidus temperature. It helps to detect potential hot spots. These are usually
isolated areas that solidify slower and later than the surroundings, hence susceptible to porosity
formation due to constrained feeding, and with deteriorated mechanical properties. The
solidification time also highlights uneven solidification patterns. When a casting exhibits uneven
solidification and subsequent cooling, thermally induced stresses and strains evolve, leading to
casting deformations, residual stress or ultimate mechanical failure. Last, it is possible to relate
local solidification time to characteristics of the dendritic structure, represented by secondary
dendrite arm spacing and thus get an idea about tHegfiadity of the microstructure and again,
local mechanical properties.

x Local thermal gradientst the end of the solidification interval help to identify areas prone to
centerline and microporosity due to flat thermal gradients. Moreover, flat tempegaadients
imply potential issues with macrosegregation or channel segregates due to a large extend of the
mushy zone with no apparent directional solidification. On the contrary, if very steep thermal
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gradients are present as narrow channels or highlyatized, this could indicate a risk of hot
tearing due to uneven volumetric shrinkage and high strain rates at those areas.

x Cooling rate, is an indicator of solidification rate, i.e. how rapidly do the dendrites grow in the
opposite direction of the hetddw, and of the final size of grains. In areas with high cooling rates
the solid network, i.e. dendrites, grow very rapidly and there is not enough time and “capacity” to
adequately feed those areas with fresh melt to compensate for the volumetriomedestlting
in high pressure drop in the liquid and a high risk of porosity formation.

In sand casting, the temperatures in sand cores are also of interest to provide information about the
stability of the core during the solidification process. In @aremt mould casting, i.e. die casting; the
thermal balance in the die is of particular interest. The magnitude of temperature fluctuations in the
die can be investigated to try to minimize thermal stresses and maximize die life. The time needed to
reach a quassteady state thermal field in the die or the influence of a production interruption on the
thermal balance can be determined by simulating several consecutive casting cycles.

For each phenomenon/problem to be treated, it is often necessary to have a criterion function that can
transform the calculated basic fields into useful and readily available and understandable information,

e.g.:
X Will the casting be sound?

X Will there be an even distribution of alloying elements? Or will there be issues with segregation
or channel segregates?

Will the part withstand tensile straining during solidification or will it tear?
Does the part contain excessive residual stresses?

Will the mechanical properties of the casting be satisfactory?

X X X X

Will the part maintain the pregbed geometrical tolerances?

Such criterion functions are at present still rather loosely defined, in other words they are primarily
indicative. However, due to their key position there is a rapid development, and the area is thus under
intense researcls the underlying primitive fields become more accessible vie improved calculation
programs and increasing computational capacity, the criterion functions may be progressively better
evaluated by comparing them with real casting experiments.

From this bref reasoning it follows, that the possibility of checking the behavior of the casting during
its whole manufacturing process gives an engineer an opportunity to detect potentially critical regions
of the casting which then provides valuable informationttier subsequent validation, optimization

and use of the casting itself ahead of its-seale production.

1.3.Numerical Optimization

Due to the large number of factors affecting the quality of castings and rather complex
interconnections of physics, metallyrgand casting geometry, empirical or experiebased
knowledge was the only resource on which “optimized manufacturing engineering” depended on in
the past. Numerical casting simulations can only test one “state” at a time, while conclusions from
calculatons or subsequent optimization still require an engineer’s interpretation and decision after
each of the simulation runs. Hence understanding the process enables a foundry engineer to make
decisions that can affect both the part and the rigging to improve the final quality.

Thanks to rapid development of high performance computing the calculation time needed for one
variant of the casting process to be analyzed has substantially shortened. Over night it is feasible to
calculate numerous versions and lagaatalmost unlimited configurations. The advantage of having

such short calculation times can only be utilized providing that a computer can automatically analyze
calculated variants with respect to some predefined objectives (e.g. maximum feeding,okity,po

low air entrapment etc.) and subsequently create new variants and analyze them in the same manner
to achieve the optimal solution. By integrating software for casting process simulation with such an
optimization algorithm (in this case the Mullijjective Genetic Algorithm, MOGA which should
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not be confused with the naiitist MOGA developed by Fonseca and Flemijjga computer based
optimization tool is established which is able to determine optimal values cflefssed design
variables therebgptimizing a given casting process with respect to defined objectives. Subsequently
such system can readily provide optimal solutions for any kind of casting processes. A number of
examples can be found both, in this thesis and in literature, first and foremost, in gravity sand casting.
Here, especially optimization of riser technology, i.e. its shape, size and loé#djoer [II], should

be mentionel, but also optimization of the gating system’s geometry, optimization of ffifg

and a solidificatn patterf* [Papers Il, Ill and IV], or optimization of thermghysical dat#, are
frequently applied.

Autonomous optimization represents a new approach when it comes to foundry industry, to overcome
difficulties in the manufacturing process. When cassimulation software is incorporated into an
optimization loop, the whole system can run without user interaction after optimization targets and
degrees of freedom have been deternfihedultiple objectives, very often conflicting, can be
pursued at theame time, e.g. riser size vs. level of porosity. To satisfy the optimization objectives,
manufacturing variables, e.g. materials, casting conditions, mould/die temperatures, shot velocity
curves, etc., and geometries, e.g. runner design, riser desigitsdodation, chills design and
position, gate dimensioning, etc., can be varied. At the same time, manufacturing constraints such as
discrete values of riser shape, shake out time, cycle time can also be considered in the optimization
run.

The first geeration, also referred to as set of designs or technological variants, is defined as Design
of Experiments (DOE), using the example of statistical experimental edgigm the mostly very

large number of possible variations. Several generations arertteesged. According to the laws of
genetics (since genetic algorithms are considered here), positive characteristics will “survive” to the
next generation, such as reduced porosity or increased yield for instance. The best possible
compromises between indlilual conflicting objectives are found in this way. The quantitative
information on the impact of the varied process conditions obtained during optimization can also be
used for sensitivity studies. Hence, the foundry expert obtains far more layoutsvéremonly on

the part in question. This way, the trial and error method is now replaced or transferred to the
computer. This new trend in casting process simulation makes it possible to reach proposals for
optimum parameter combinations or the optinaihnological layout. To summarize the above,
numerical models for foundry processes can be applied for the following purposes:

X A priori predictionandevaluationof the characteristics and potential of a newly set up foundry
process, giving a decisive support to the design of mould / die and casting systems, as well as to
the optimization of the process itself, accelerating the development and set up stage.

x Diagnostics for figuring out and understanding the physical phenomena behind the cause
of defects incastings, or drawbacks and inadequacies in their manufacturing processes,
and for suggesting possible improvements.

X Autonomous optimizatiowhere the “most” optimal solution to one or multiple conflicting
objectives is pursued. Based on the predefinedctifsgs, design variables and constraints, the
relevant optimization algorithm is seeking for a solution, i.e. technological design, which satisfies
the given objectives the most. This often requires thousands of iterations and simulation runs that
for an engineer would be impossible to set up and run independently and thus the optimal
solution would never be found.

1.4.Outline of the Contents

The thesis comprises 6 chapters which are followed by 5 appended articles.

Chapter 1 summarizes basic objectives andtivation of the Ph.D. work, followed by a brief
overview of numerical modeling and optimization of casting processes, the needs and potential
benefits.

Chapter 2 is dedicated to numerical modeling of fluid flow phenomena in metal caSthng.
purpose of tis thesis is to describe and subsequently optimize thermal aspects of considered casting
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processes; hence the fluid flow chapter serves “only” as some sort of guidelines and proposals to the
designers or foundry technologisthe chapter starts with anerwview of fluid flow phenomena and

basic conservation laws applied in metal casting. Later in the chapter, a general description of all
major elements constituting a typical gating system is given together with their impact on the final
qguality of the filing process and of the casting itself. The primary focus of this chapter is on
highlighting the importance of a gating system design in metal casting processes. It should be
understood that casting engineers and designers have to, under all circumstances, pay very close
attention to the layout of gating systems as it does not only influence filling patterns together with
thermal fields and defects arising during solidification but it may also significantly contribute to
residual stresses, deformations and hot tears in the casting body.

Chapter 3 is devoted to modeling of solidification and thermal phenomena in metal casting in
general. Besides a brief description of heat transfer and guidelines for risering of steel castings, the
main emphasis is on thermaihduced casting defects. Three wiallown defects in steel castings

are discussed, i.e. centerline porosity, hot tears and macrosegregation. It is shown that these defects
are interconnected, meaning that there are few common factors which promote them. These factors
are thermal gradients, pressure drop over the mushy zone and solidification patterns. This theory is
backed and verified by few industrial case studies. Utilizing this interconnection of these defects, a
methodology is developed on how hoariag; macrosegregation and channel segregates can be
addressed and “taken care of” by the minimization of centerline porosity, represented by the Niyama
criterion. This methodology is then utilized in chapter 4 when optimizing these defects.

Chapter 4 presents a theory and practical use of evolutionary robjgctive optimization
techniques in metal casting simulations. Principles of Mitfjective Genetic Algorithms (MOGA)

are thoroughly described and directly applied to industrial problems. Sevezastadges showing

how fully automated optimization can be effectively applied into metal casting industry are
presented. Since optimization is very broad discipline the focus is put only on optimization of thermal
aspects and behavior of large steel cgstin

Chapter 5 presents the overall conclusions of the thesis together with ideas and suggestions for a
future research direction.

Chapter 6is a summary of the four appended journal and conference papers and one industrial report
which have been written dag the Ph.D. period.
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Chapter 2

2. Modeling of Fluid Flow in Casting Processes

Flow of the molten metal plays a remarkable rioléhe fabrication of sound and quality castings.
Mould/die filling is the very first step of the whole casting process and it always affects the quality of
the final product. There are many factors related to the flow influencing the whole procesaa@nd he
the final casting quality; for instance a turbulent melt flow causing oxide films which impair the
mechanical propertiés 2 metal/mould impingement leading to mould erosion, splashing,
disintegrated melt flow, air or gas entrapment within the moandty; interrupted flow causing cold
shuts, inadequate cooling system, poor gating systerong fusible alloys with very little fluidity

etc. Subsequent to filling, where solidification of the casting takes place, fluid flow phenomena such
as buoyancy éfcts, feeding shrinkagend gravitydriven flow, segregation of solute components
are again of great importance. Modeling of the fluid flow is required if the above phenomena need to
be taken into consideration.

Nowadays, in foundry practice, designersd eengineers are aware how important it is to fully
comprehend these phenomena in order to properly design the shape of castings as well as all elements
and systems inside molds or dies. A rapidly increasing trend in various industrial sectors is
integrathg numerical simulation programs as part of the process and component design. In particular,
different product components and tools are stogignized according to the results obtained from

the prior numerical simulations and analyses of the flow andifscdition. In this way it is feasible to

reveal potential inadequacies and shortcomings in the design, thus to reduce a risk of consequential
problems and defects in the product or in the steé&l die

Modeling of fluid flow is a very extensive and compkubject matter therefore the objective of this
chapter is restricted only to the introduction of the basics and fundamentals of fluid flow phenomena
in casting processes, presentation of governing equations and laws of fluid mechanics and of aspects
influencing processes in the most significant waynore detailed analysis of impacts of inadequate

flow patterns on the overall quality of cast parts analyzed throughout the PhD studies will be
presented later in this chapter, as well as in the attachedsptpe end of this thesis. There, one

can find a presentation of numerical results together with explanations, discussions and subsequent
proposals for improvements. No numerical optimization has been utilized in modeling fluid flow
phenomena.

2.1.Equations Governing the Motion of Fluids

2.1.1.Introduction

Fluid mechanics and heat transfer textbooks give a firm theoretical basis of the mathematical
description of the fluid and heat flow phenomena. On the macroscopic scales, fluids can be treated
like a continuum, even though matter is not continuous but discrete, made of molecules. But its
properties are averages over a large number of molecules. Our purpose is to simulate the mould
filling and solidification of complex castings. The castings range in weight frastidns of a
kilogram to several hundred tons. Our fluid is the melt of liquid metal. For our purposes, the mould
filling and solidification of castings can be described by the continuum models. In this section, only a
brief presentation of the basic censtion equations governing the fluid flow phenomena will be
given.

General conservation laws of mass, momentum and energy are used to formulate mathematical
models for mould filling and solidification of castings. In this context it means a balancet@tfa
HITHFWLQJ FKDQJHY 7KH GHULYDWLRQ RI WKH RRQA&Hd YHG S
change of the conserved quantity inside the control volume is equal to the net influx plus appropriate
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FRQWULEXWLRQ IURP WKH VdéxdRdNMeRA simpleGketcE HusRatedlViK L V
Figure 2.1 explains the essence of the conservation principle.

Figure 2.1: Conservation principle, figure inspired by Hattel8.

7R GHULYH WKH FRQVHUYDWLRQ ODZ IRU WWIHMS (TR Sehot¥d\ n R
E\ WKH JUH\ DUHD LQ )LJXUH 7TUDQVSRUW RI n E\ FRQYH
PHFKDQLVPV PD\ RFFXU WKURXJK WKH RXWHU VXUIDFH RI WKFE
may be generated or destroyed. The netRridl UDWH LV GHILQHG DV WKH UDWH
control volume minus the rate of outflow out of the control volume. Because of the net transport rate
WKURXJK WKH VXUIDFH DQG WKH JHQHUDWLRQ RI n LQVLGH W
YROXPH PD\ FKDQJH LQ WLPH +HQFH LW FDQ EH VDLG WKDV
control volume. Conservation laws can be expressed in the following way8:

5DWH RI DFFXPXODWLRQ RI WKH SURSHUW\ n LQVLGH WKH &9
RXWHU VXUIDFH RI WKH &9 5DWH RI JHQHUDWLRQ RI

where CVimeans the control volume.

When the mass conservation principle is applied to a fluid flow problem, the continuity equation is
obtained. Conservation of momentum is expresseddwton’s Second Law of Motion. Applied to

fluid flow problems, it yields the momentum equations. Application of the energy conservation
principle, expressed by the First Law of Thermodynamics, leads to the energy equation. In order to
obtain detailed point by point knowledge of the flow field, a differential form of the equations must
be applied.

2.1.2.Conservation of Mass

The conservation of mass equation can be acquired by writing a mass balance over the stationary
volume through which the fluid is flowing. The mass conservation principle denotes that the change
of mass within the control volume is equal to the mass entering, minus the mass leaving the control
volume. This can be interpreted as

Rate of accumulation of mass = net rate of inflow of mass by convection

The above statement can be rewritten in to the following equation

1 m I ~
T m (2.1)

|
Eq. 2.1is regarded as the starting point of deriving the mass conservation equation. However, this
derivation will not be carried out due to lack of spamnd due to the scope of this work. For a
complete derivation of the mass conservation equation, please rétér Adter performing
derivations, substitutions and modifications we obtain the final continuity equation of the following
partial differental equation

wWowe,  wi,  wid,
w W, W, W,

0 (2.2)

Equation 2.2 represents the mass conservation valid for both compressible and incompredsible flui
&RQFHUQLQJ WKH LQFRPSUHVVLEOH IOXLGV ! FRQVW WKLV
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Velocity components are ideally computed from the momentum equations, so the incdmgpressi
form of the continuity equation imposes an additional constraint on the velocify field

0 (2.3)

2.1.3.Conservation of Linear Momentum
Newton's second law of motion applied to a control volume gives the momentum equations. The
momentum conservation principle mustfbemulated for all components of the velocity vector. Thus

it is expressed by a vector equation from which it follows that we need two momentum equations in
two dimensions and three momentum equations in three dimensions. In other words

Rate of accumulaton of i-th direction momentum =
Net rate of inflow of i-th direction momentum +
Sum of forces acting on the system

This principle can be expressed by the following equation

i 4 I ° % I °
— my, « MYy mu, 5 « fi; by > 2.4
w | o Ya _”I ! ! (24)

The first term in the brackets on thehtiggide of the equation is the convection term. It brings the x-
direction momentum into (or out of) the control volume. The second term on the right side of the
equation comprises the sum of thedikection components of the forces acting on the control
volume. Two kinds of forces act on the CV. First, surface forces (e.g. pressure forces, viscous forces,
surface tension forces) and, second, body forces ( e.g. gravity force, centrifugal force, Coriolis force,
electromagnetic force). In order to obtain the resulting momentum equation (for the x direction) quite
a few modifications and substitutions have to be accomplished, and then we can write

W aw W W 0 Cp
— U e Uy — Uy — Uy, WW it Wlél{: — 4, X (2.5)
W -0 W, L3 Y, O W W 1 W

The brackets in thEq. 2.5group various terms according to their origin. The first term on the right
side in the square brackets represents fleomponent of the convective transpdroriginates from

the bulk motion of the fluidThe second term is the diffusive transport term (again tlkemponent)

arising from the \8cous stresses. The third term originates from the gradient of the static pressure.
The remaining two terms are the body force term and any additional terms denoted HyisX
equation is valid for any fluid satisfying the continuum assumption. Befar@tjuation can be used

to solve problems, suitable expressions for stresses must be acquired in terms of the velocity and
pressure fields.

W W2 W, (2.6)
o W, 2
w M W @7
OM; W 12
2 o)
W p PV 2% 2.8)
1

If these expressions are introduced into the differential equation of métipr2 6), we then obtain
NavierStokes equation in the;xdirection in 3dimensions; equations for the other two directions
could be obtained accordingly.
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These equations can further be simplified when applied to incompressible flowcenstant
viscosity which applies quite well for casting processes. Under these conditions, the equation (for the
X-direction) reduces to

U§wl u W, W, - @, W P_§v%ul wu,  wu, -
oW

u u . . 2.10
Y B, Mw w oW W W (219

Navier-Stokes equations of fluid motion combined with the mass conservation egicatiimuity
equation) provide a sufficient description of the velocity field and an overall picture of the behavior
of both compressible and incompressible moving fluids (e.g. die/mould filling) under various
conditions. In order to fully describe the esse of fluid flow phenomena and primarily the
temperature distribution within the calculation domain, one more governing equation must be
introduced-conservation of energy.

2.1.4.Conservation of Energy

The energy equation for a stationary volume element canwerds formulated as:

Rate of accumulation of internal and kinetic energy =
Net rate of inflow of internal and kinetic energy by convection +
Net rate of heat addition by conduction +
Net rate of heat addition by radiation —
Net rate of work done by sgtem on surroundings +

The strength of the internal heat sources/sinks

This statement is the first law of thermodynamics written for the open unsteady system. For weakly
compressible and incompressible fluids (e.g. melt), the kinetic energy contributienttsal energy

can be left out; hence the total energy equation will be replaced by the thermal energy equation. In
addition, two terms small for casting processes can be excluded and neglected. The first one is the
work against gravity forces and the second one is the rate of work done against the static pressure. It
would be necessary to retain this term if we assumed that the melt is compressible. As we assume the
melt as incompressible or at the most slightly compressible these terms can be atsity dhe

final nonconservative form of the energy equation is then writtén as

a

a
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The specific heat ¢ =,= ¢, and the term Nstands for the viscous dissipation function. For casting
phenomena, this viscous dissipation function in the thermal energy equation should be retained if one
wants to simulate the sersblid process, otherwise it is negligibly small. Based on this equation it is
possible to grasp and completely describe the behavior of the moving fluid in terms of the
temperature. As for other variables in Eq. 24ll of them are already known from the prior
conservation laws (e.g. mass conservation and momentum \atnsey.
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2.2.Background on Gating Technology

The purpose of, and the most important reason for having and designing the gating system is
obviously to transport the molten metal from a ladle into the mould cavity, where the metal can then
solidify to form the desired casting shape. The basic components of a simple gating system for a
horizontally parted mold are shown Figure 2.2. A pouring cup or a pouring basin provides an
opening for the introduction of metal from a pouring device, i.e. a bgitmm or aip-pour ladle for

gravity sand casting techniques. A sprue carries the liquid metal down to join one or more runners,
which distribute the metal throughout the mold until it can enter the casting cavity through ingates,
also referred to as thin gates. Tirst metal entering the gating system will generally be the most
heavily damaged by contact with the mold medium and with air as it flows. To avoid having this
metal enter the casting cavity, momentum effects can be used to carry it past the ingdkes into
runner extension. The ingates will then fill with the cleaner, less damaged metal that follows the
initial molten metal stream.

Riser
Pouring __, /
basin .
Casting
Sprue ___, /
T Thin gates
Runner

Runner extension
Figure 2.2: Schematic of a traditional gating system layout. Figure taken ftam

At first glance this appears deisimple however, the gating system has to, at the same time fulfill a
bunch of other demands as well. One of the first demands is that the rate and direction of metal flow
must be such as to ensure complete filling of the mould before freezing. Furthermore, the gating
system must ensure that the flow of the melt should be as calm and coherent as possible, i.e. with
negligible surface turbulence, without being so slow that the melt solidifies before the mould is filled.
Slowing down the melt before entering the mould cavity is another function of runner extensions.
Providing that a runner extension is sufficiently large, or long, it will absorb a reasonable portion of
the kinetic energy of the moving melt, making it slow down. One should be cautious vithgn us
runner extensions however, to prevent back waves when the melt reaches a blind end of the runner
extension. It is important to slow down the melt gradually, not at once. The gating system should also
be designed in a way that reduces jets, splashastaios, melt aspiration, formation of air pockets

and venacontracta as much as possible. Very often a poorly designed gating system can cause oxide
formation and gas entrapment which compromise the final quality of the casting. Beside this a
beneficial leat distribution in the castings is desired to ease the need for feeding and improve the
efficiency of the risers. At the same time the gating system should weigh as little as possible to
improve the ratio of the weight of castings produced to the weight of metal poured better referred to
as “yield”. It must be mentioned that in this project only gravity driven mould filling in sand moulds

is concerned.

Methods used to promote any of the mentioned demands and design considerations often conflict
with anothe desired effect. For example, attempts to fill a mold rapidly can result in metal velocities
that promote mold erosion or surface turbulence. As a result, any gating system will generally be a
compromise among conflicting design considerations, with thlative importance of the
consideration being determined by the specific casting and its molding and pouring conditions. The
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design variables that shouldways be considered in designing gating systems regardless of the
applied metal are briefly summariZéd

Rapid mold filling. Especially with thirsection castings, heat loss from the liquid metal during mold
filing may result in premature freezing, producing surface defects (for example, cold laps) or
incompletely filled sections (misruns). Superheatifighe molten metal will increase fluidity and

retard freezing, but excessive superheat can increase problems of gas pickup by the molten metal and
exaggerate the thermal degradation of the mold medium. In addition, the mold filling time should be
kept storter than the mold producing time of the molding equipment to maximize productivity.

Minimizing turbulence. Turbulent filling and flow in the gating system and mold cavity can
increase mechanical and thermal attack on the mold. More important, turbulence may produce
casting defects by promoting the entrainment of gases into the flowing metal. These gases may by
themselves become defects (for example bubbles), or they may produce dross or inclusions by
reacting with the liquid metal. Turbulent flow increagbe surface area of the liquid metal exposed

to air within the gating system. The susceptibility of different casting alloys to oxidation varies
considerably. For those alloys that are highly sensitive to oxidation, such as aluminum alloys;
magnesium atlys; and silicon, aluminum, and manganese bronzes, turbulence can generate extensive
oxide films that will be churned into the flowing metal, often causing unacceptable defects.

Avoiding mold and core erosionHigh flow velocity or improperly directed flo@gainst a mold or
core surface may produce defective castings by eroding the mold surface (thus enlarging the mold
cavity) and by entraining the dislodged particles of the mold to produce inclusions in the casting.

Removing slag, dross, and inclusions. Thfactor includes materials that may be introduced from
outside the mold (for example, furnace slag and ladle refractory) and those that may be generated
inside the system. Methods can be incorporated into the gating system to trap such patrticles (for
exanple, filters) or to allow them time to float out of the metal stream before entering the mold
cavity.

Promoting favorable thermal gradients. Because the last metal to enter the mold cavity will
generally be the hottest, it is usually desirable to intreduetal in those parts of the casting that
would already be expected to be the last to solidify. One obvious method of accomplishing this is to
direct the metal flow from the gating system into a riser, from which it then enters the mold cavity.
Because thriser is generally designed to be the last part of the riser/casting system to solidify, such a
gating arrangement will help promote directional solidification from the casting to the riser. If the
gating system cannot be designed to promote some dedingbmal gradient, it should at least be
designed so that it will not produce unfavorable gradients. This will often involve introducing metal
into the mold cavity through multiple ingates so that no location becomes a hot spot.

Maximizing yield. A variety of unrecoverable costs must go into the metal that will fill the gating
system and risers. These components must then be removed from the casting and generally returned
for remelting, where their value is downgraded to that of scrap. Production ao&ts significantly

reduced by minimizing the amount of metal contained in the gating system. The production capacity
of a foundry can also be enhanced by increasing the percentage of salable castings that can be
produced from a given volume of melted metal

Ease of removal.Preferably the system should break off. As a next best option, it should be
removable with a single stroke of a clipping press, or a straight cut. Curved cuts take more time and
are more difficult to dress to finished size by grindindimishing.

Avoiding casting distortion is especially important with rangy, thimall castings, in which uneven
distribution of heat as the mold cavity is filled may produce undesirable solidification patterns that
cause the casting to warp. In addititme contraction of the gating system as it solidifies can pull on
sections of the solidifying casting, resulting in hot tearing or distortion.

Controlled flow conditions. A steady flow rate of metal in the gating system should be established
as soon as pseible during mold filling, and the conditions of flow should be predictably consistent
from one mold to the next.
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2.3.Principles of the traditional gating system

This section will provide a more detailed description and overview of separate features of a gatin
system. As a part of it, useful tips, recommendations or guidelines will be given on how to design a
better gating system especially for manufacturing of large steel castings. The guidelines will be
reasoned based on results of various projects and rese@cted papers that the author has
conducted throughout the Ph.D. study. These papers are attached at the end of the thesis. Separate
elements of the gating system will be addressed based on the sketplren2.2.

2.3.1.Design of a PouringBasin

One coull define the pouring cup or pouring basin as the part of the gating system that receives the
molten material from the pouring vessel, referred to as a ladle. This basin can be either built in the
mould as a core of the given shape of the basin, or placed on top of the mould and tightly mounted by
proper devices, i.e. glues or other tools. The size and shape of the pouring cup is meant to
accommodate the way the melt is being poured. In many foundries the pouring is still done manually
from a ladle in a cran In these cases melt is poured from one side and the pouring cup is designed to
calm down the melt to avoid splashing when being poured and to make it easier for the operator to
pour as directly and precisely in every mould as possible.

2.3.1.1. Conicabasin (pouring cup)

There are many recommendations and guidelines on how a pouring cup should be designed however
most of these designs do not prevent veorracta in the upper part of the down runner. One type of

the pouring basin used almost everyvehar the foundry industry is the conical basin, outlined in
Figure 2.3 Campbell claims in his bobkthat this type of basin, i.e. conical, is very bad and
responsible for the production of more casting scrap than any other single feature of thesiényg s

due to the following factot§

x The melt enters at high, unchecked velocity. Since the main problem with gating systems is to
reduce the velocity, this adds to the difficulty of reducing surface turbulence.

X Any contaminants such as dross or slag #mer with the melt are necessarily taken directly
down the sprue.

X The mould cavity fills differently depending on precisely where in the basin the pourer directs the
pouring stream, whether at the far side of the cone, the centre, or the near side. Thus when
pouring manually, the castings are not reproducible. This situation is overcome by automatic
pouring devices.

x The small volume of the basin makes it difficult for the pourer to keep it full so that air is
automatically entrained as the basin beconagtigy empty from time to time during pouring.
The pourer is usually unaware of this, since the aspiration of air usually takes place under the
surface at the basin/sprue junction.

X This type of basin is the most susceptible to the formation of a vortex, because any séigtst off
direction will tend to start a rotation of the pool.

Nevertheless, in the author’s personal opinion, this type of a pouring basin is not as bad as stated by
Prof. Campbell. There are other elements of a gating system, e:tapssad runners, thin gates,

sharp corners, etc., that are by far more decisive or critical for the overall casting quality than a
pouring cup. Although, this statement should not be interpreted as “do not care about the shape of
pouring cups”. On a contmgrin this section it will be clearly shown, that indeed an impact of a
pouring cup must not be disregarded, especially when casting small -evatled castings where

high quality is demanded.

17



(@) (b)

Figure 2.3: Conical basin and sprue combinations showing (a) perhaps least damaging; (b) basil
large.

A basin that is too large for the sprue entrafiegure 2.3bjets metal horizontally off the exposed

ledge formed by the top of the mdukreating much turbulence and preventing the complete filling

of the sprue. The problem is unseen by the caster, who, because he is keeping the basin full, imagines
he is doing a good job however, the aspirated air can cause a staggering amount afcroatée

inside a casting that will be discovered later during machining or by ultrasonic testing (UT) or
radiographic testing (RT). For very small castings weighing only a few grams and where the sprue is
only a few millimeters in diameter, there is a sge@lement of control of the filling of the sprue by
surface tension. For such small castings the conical pouring cup probably works tolerably well. It is
simple and economical, and, probably fills well enough.

An example of how the conical pouring basin affects filling of a-#tatled aluminium casting are

shown inFigure 2.4. In this experiment a thimalled casting was cast into a sand mould using the
“troublesome” conical pouring cup. The entire mould was tilted to ensure an uphill smooth filling of
the casting. The filling sequence indicates that neither the cup nor the sprue gets completely filled
and thus there is still an open space for massive oxidation and air entrapment in the liquid aluminium
alloy. The pouring cup needs to be kept full of medtaing the whole duration of the pour. If the
pouring is carried out too slowly, allowing the stream to dribble down the sprue, or simply poured
down the centre without touching the sides of the sprue, and without filling the basin at all (which
was the case with the expanded sprue type applied in this experiment), then air and dross will enter
the system.

Figure 2.4: Air entrapment and splashing in the sprue and sprue base areas at 2, 3 and 6% filled,
the conical pouring basin for a lightveight stair-shaped AISi based casting, (Kotas et. al., 2010).

This unfavorable filling pattern resulted in oxidefibtms and air bubbles present on the casting
surface, as captured in Figure 2.5(a, BMoreover, it is believed that trapped oxide films tbget

with other phenomena, e.g. low pouring temperature, interrupted pour, etc., contributed to the misrun
in the thinnest section of the casting.
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Figure 2.5: Filling related defects in the casting (a) the experimental result, (b) Air pressure @uiter
function in the simulation software MAGMAsoft, (Kotas, 2010).

Although, Campbell states that when the conical cup is filled with a hand ladle held just above the
cone, the fall distance of about 50 mm above the entrance to the sprue results inoé epegdto
the sprue of approximately 1 m/s. At such speeds the basin is probably the least harmful.

On the other hand, where the conical cup is used to funnel metal into the running system when
poured directly from a furnace, or from many automatic pouring systems, the distance of fall is
usually much greater, often 200 to 500 mm. In such situations the rate of entry of the metal into the
system is probably several meters per second. From the botiorad ladles in steel foundries the

metal head is usually over 1m giving an entry velocity of 5 m/s. This situation highlights one of the
drawbacks of the conical pouring basin; it contains no mechanism to control the speed of entry of
liquid™.

Alternatively, harm can be done by inattention, so that the pour is interrupted, allowing the bush to
empty and air to enter the dowmaner before pouring is restarted. Even so, because of the small
volume of the basin, it is not easily kept full so that these dangers are a constant threat to the quality
of the cashg. Unfortunately, even keeping the pouring cup full during the pour is no guarantee of
good castings if the cup exit and the sprue entrance are not well matched. This is the most important
reason for moulding the cup and the filling system integral thighmould if possible. Finally, even if

the pour is carried out as well as possible, any witness of the filling of a conical basin will need no
convincing that the high velocity of filling, aimed straight into the top of the sprue, will cause oxides
and ar to be carried directly into the running system, and so into the casting. For castings where
guality is at a premium, or where castings are simply required to be adequate but repeatable, the
conical basin is definitely not recommended.

2.3.1.2. The offsestep basin

Another design of a basin (sometimes called a bush) that has been recommended from time to time is
the offset step basin. The provision of a vertical step, or weir, in the basin, Figulleriddy the
horizontal jet across the top of the sprue to a stop. It is an essential feature eflesigelkd basin.

The offsetblind end of the basin is important in bringing the vertical downward velocity to a stop.
The offset also avoids the direct inline type of basin, such as the conical basin, where the incoming
liquid goes straight down the sprue, its velocity unchecked, and taking with it unwanted components
such as air and dross, etc. The gtapweir) is essential to eliminate the fast horizontal component of
flow over the top of the sprue, prewmg it from filling properly. The provision of the step yields a
further bonus since it reverses the downward velocity to make an upward flow, giving some
opportunity for lighter phases such as slag and bubbles to separate prior to entering thengfiyye. Fi

the provision of a generowadiusover the top of the step smoothes the entrance into the sprue, and
further aids the smooth, laminar flow of metal.

The problem in the design of the pouring cup in Figurei2.that when the melt reaches above the
height in the basin where the melt can flow to the down runner it will. The volume of this initial melt
to reach the down runner will under no circumstance be sufficient to fill the cross section of the down
runner. So unless it is possible to pour fasbugm to completely fill the entire geometry
instantaneously it will not be possible to keep the down runner full. To pour the molten metal in this
way must be considered to be extremely difficult. This is especially because the pouring must be
slowed downjust as instantaneously as it was begun. If the pouring is not slowed down to the exact
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same flow rate as the gating system is designed for the melt will just flow all over the top of the
mould having an already full pouring cup. If the pouring is slowed down too much and the level of
melt in the pouring cup drops below the top of the bend, the down runner will no longer be kept full.
Hence it is highly unlikely that it is possible to keep the down runner full from the beginning to the
end of pouring using the pouring cup shown. Designing a pouring cup that fulfils all the desired
properties is not easy and therefore a wide range and very individually designed pouring cups is also
seen used in the foundrfes

Figure 2.6: Offset step pouring basth

In case of very large steel castings filled from the botpmmr ladle it is practically impossible to use
some sophisticated pouring basins as shown above due to very large pouring rates which would for
sure cause overfilling and sand erosion of that pouring cup. In order not to overfill, the basin would
have to be enormously deep which would decrease the yield substantially. Moreover it would be
extremely difficult to control the pouring rate when filling multiple castings from one ladle, due to
the decreasm pressure height when the ladle empties during filling. Therefore, still a common
practice is to pour directly from the bottggour ladle and from its nozzle to the sprue which is made

of refractory tiles. Just to make sure that the nozzle will not splash all around the very top refractory
element of the sprue is tapered, resembling the much criticized conical basin. As to the author’s
knowledge many foundries casting large steel castings do not use any protective shroud, i.e.
protective argon atmosphere to prevent oxidation, or contact pouring method either, conducting the
pour completely unprotected, but successfully.

2.3.2.Sprue (the downrunner)

The sprue has the difficult job of getting the melt down to the lowest level of the mould while
introducing a minnum of defects despite the high velocity of the stream. The fundamental problem
with the design of sprues is that the length of fall down the sprue greatly exceeds the critical fall
height®. The height at which the critical velocity is reached corresptmtise height of the sessile

drop for that liquid metal. Thus for aluminum this is about 13 mm, whereas for iron and steel it is
only about 8 mm. Since sprues are typically 100 to 1000 mm or even several meters IdPgpas in

Il or in Figure 2.7, the dtical velocity is greatly exceeded. How then is it possible to prevent
damage to the liquid? It seems that the secret of designing a good sprue is to make it as narrow as
possible, so that the metal has minimal opportunity to break and entrain its slunfimgethe fall.

The concept on protecting the liquid from damage is either (i) to prevent it from going over its critical
velocity, or (ii) if the critical velocity has to be exceeded, to protect it by constraining its flow in
channels as narrow as pdssiso that it is not able to jump and splash.

Most sprues are oversized. This is bad for metallic yield, and thus bad for economy. However, it is
much worse for the metal quality, which is damaged in one important way: If the flow is directed
down a strajht-sided sprue, the falling stream will create a-jussure area as it pulls away from

the sprue walls and will aspirate air. Air is therefore taken down with the metal, causing severe
surface turbulence especially when the stream reaches the basespifu, see Figure 2.7. This, of
course, leads to a builgp of oxide in the sprue itself, and much consequential damage downstream
from oxide and entrained air.
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Figure 2.7: Air aspiration identified in the dowssprueas the metal accelerates during its frekll. Note
that the height of the sprue is approximately 4.5m, [ref. Paper Il, (Kotas et al. 2010)].

The question then arises, how is it possible to make sure, that the sprue has the right size and shape?
The ansver can be found in the continuity equation. One practical implication of the law of
continuity is seen in Figure 2.8, which illustrates the flow of metal from a pouring basin. Velocity
increases as the stream falls, so the csestional area of the st must decrease proportionally to
maintain the balance of the flow rate. The result is the tapered shape typical ofadlifrgestream

shown inFigure 2.8 Therefore, the sprue should be designed to mimic the taper that the falling
stream adopts natuhpas a result of its acceleration due to gravity. The shape is a hyperbola.

Pouring Basin > \ Theoretical
outline of a

free-falling
melt stream

Sprue entance
SandMould

Straight taper / Low pressure area;

sprue air aspiration

Figure 2.8: Schematic showing natural flow of the frdalling melt and flow behavior in the tapered sprue.
Figure inspired by Hansetf.

The straightapered spr is designed to conform to the natural form of the flowing stream and
therefore reduces turbulence and the possibility of air aspiration. Although, the curved sides of the
stream still encourage metal to become detached from the walls at abauhakdwn, as shown in

this figure. For modestized castings this issue can be corrected by making the sprue entrance about
20 per cent larger in area. Moreover, if the casting and hence the sprue is not too tall, the area of the
free falling melt does not decrease too much and thus, straight tapered sprues are commonly used,
and appear to be satisfactdry

For very tall castings the straight tapered approximation to the sprue shape is definitely not
satisfactory. In this case it is necessary to calculate tieedinmeter of the sprue at close intervals
along its length to create the-salled streamlined gatifity'> The correct form of the falling stream

can then be followed with sufficient accuracy, and air entrainment during the fall can be avoided.
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The baic idea behind the streamlined gating system is to use the surface tension and boundary layer
friction of the molten metal to keep the front of the flowing molten metal coherent during the mould
filling. This is done primarily by keeping the runner width as small as possible. Based on
experimental work, conducted by Tiedje and Lal$énhwas clearly shown that sharp changes in the
geometry and dead ends of the gating system cause pressure waves to form that eventually lead to
defective castings. Therefrall 90° bends are avoided and more soft curves are used instead. A
comparison between the traditional and streamlined gating system for Disamatic automatic moulding
machines is illustrated iRigure 2.9.

(a) (b)

Figure 2.9: Schematic of a traditioal gating system (a), and a concept of a streamlined gating system
for Disamatic moulding machine$. Courtesy of Niels Skat Tiedje.

Mould filling simulations for both types of gating system showed distinct flow behavior of the melt at
various stages of the filling process. This is captured in Figure 2.10. In that figure filling by the
traditional gating system is seen where melt disintegration and air aspiration takes place already in
the upper section of the sprue, (a). Moreover, as a resultafkapibessure, the first melt enters the

riser areas very rapidly, causing jetting and massive surface turbulence, (b). On the contrary, the
streamlined gating system minimizes the melt disintegration and uncontrolled down fall in the sprue,
(c), and the dpe of the runners with no sharp corners and dead ends reduce the back pressure and
turbulent behavior leading to calmer entrance of the melt into the casting cavity, (d).
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(a) 12% filled (b) 24% filled

(c) 12% filled (d) 28% filled

Figure 2.10: Filling sequence for both traditional and streamlined gating systém€ourtesy of Niels Skat
Tiedje.

It is well known to foundry engineers that many types of igiduction molding units do not
readily accommodate tapered sprues or the streamijagdg. But what is even worse or more
disappointing is that in many foundries, technologists and designers are reluctant to accept or trust
new trends or scientific findings, and apply them into the gating system design. It is still common,
especially ingravity sand casting of large steel parts, to seetamogred sprues and runners, sharp
corners, and abrupt changes in cross sections or constant areas all over the gatindiayséem

total neglect of the continuity equation. Their, i.e. foundry personnel, reasoning is:” This design has
worked for us quite well for 30 years so why should we replace it?” or “gating systems are not that
decisive for the overall quality”. Note, that this statement is based solely on the author’'s personal
experience. In cases where tapered sprues and runners are not feasible to accommodate, the gating
system designer should at least try to approximate the effect of a tapered sprue by placing a
restriction, the sealled choke elements, at or near the base of the sprue¢atifie falling stream to

back up into the sprue.

2.3.2.1. Simple Equations for Designing the Sprue

The design and the dimensions of a gating system determine the character and the velocity of the
liquid flow into the mould cavity. When an appropriate ndofilling time has been determined, it can

be then used for dimensioning the gating system. In foundry practice it is quite complicated to choose
a correct filling time. Although thanks to the rapid development of numerical simulation tools, the
whole degjn stage has become much easier than twenty years ago in that now a designer can test and
improve his new designs virtually without destroying a real casting. Usually all foundries try to fill as
fast as possible to increase their production rate. Howaaort filling time will cause a turbulent

flow pattern or erosion and damage of the molding material. Moreover, a short filling time will also
need a more permeable mould or additional vents; otherwise the pressure in the mould might get too
high. On the other hand too long filling times can result in cold shots, i.e. incomplete filling or scabs.
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It is known by experience that for gravity sand casting of steel there is a relation between filling time
and the casting’s weight:

t BYG
whereB 1.8 for G 500kg (2.12)
B 0.6 forG 5000kg

It must be pointed out that the filling times calculated by this equation cannot be considered to be
optimal. It only gives an estimation of practically used filling times for similar castings. When the
filling time has been determinethe first secthin that needs to be calculated is the sprhe.reason

is that the height of the sprue and the free fall of the molten metal determine the velocity of the melt.
These very simple-D calculations are based on several fundamental principles of fluid flow. Among
these principles are Bernoulli's theorem, the law of continuity, i.e. mass conservation principle shown
in Eq. 2.3, and the effect of momentum. An argument could be raised that we are showing the same
equations as in the beginning of this chaptest, gimplified. It is true that for an accurate fluid flow
calculation, the numerical solver has to deal with the governing equatior3, ide3cribed in section

2.1, but to get a first impression of how the gating system for any given casting shouliédpok
these simplified versions of the governing equations are reasonable substitutes. Later on, when the
gating system is designed, the feldltent 3D flow calculations are carried out in the simulation
software as verification or to identify potentiasign shortcomings.

A first way of expressing the velocity in the sprue is to use the Bernoulli's theorem seen in Eq. 2.13.
Bernoulli's theorem relates the pressure, velocity, and elevation along a line of flow in a way that can
be applied to gating systemThe theorem states that, at any point in a full system, the sum of the
potential energy, kinetic energy, pressure energy, and frictional energy of a flowing liquid is equal to
a constantThe energy terms can be expresses as follows:

my  mp my - mp,
2 oy "™ Ty

wherep is a pressure in points 1 and 4s & density of the applied meltissa velocity of the liquid

in points 1 and 2, Is a height in points 1 and 2 andsgacceleration due to gravity.

Equation2.13 allows for prediction of the effect of the several variables at different points in the
gating system, although several conditions inherent in foundry gating systems complicate and modify
its strict application. For example:

mgh (2.13)

x Equation 2.13. is for full systems, and at least at the start of pouring, a gating system is empty.
This indicates thaa gating system should be designed to establish as quickly as possible the flow
conditions of a full system.

x It (Eg. 2.13) assumes an impermeable wall around the flowing metal. In sand foundry practice,
the permeability of the mold medium can introducebfems, for example, air aspiration in the
flowing liquid.

x Additional energy losses due to turbulence or to friction (for example, because of changes in the
direction of flow) must be accounted for.

x Heat loss from the liquid metal is not considered, whvdhset a limit on the time over which
flow can be maintained. Also, solidifying metal on the walls of the gating system components
will alter their design while flow continues.

Bernoulli's theorem is illustrated schematically in Figure 2.11, and sepeaatical interpretations

can be derived. The potential energy is obviously at a maximum at the highest point in the system,
that is, the top of the pouring basin, i.e. point 1. As metal flows from the basin down the sprue,
potential energy changes to &tic energy as the stream increases in velocity because of gravity. As
the sprue fills, a pressure head is developed. Once flow in a filled system is established, the potential
and frictional heads become virtually constant, so conditions within the gastem are determined

by the interplay of the remaining factbrsThe velocity is high where the pressure is low, and vice
versa.
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Figure 2.11: Schematic illustrating the application of Bernoulli's theorem to a gating system.

Consideringonly top filling, i.e. the entire casting lies below the lowest point of the down sprue, as in
Figure 2.11(a) the velocity at point 1 is considered to be zero, i.e. the kinetic energy is negligible.
Using the height in point 2 as zero level, considering the two densities identical as well as the
pressures in points 1 and 2, since the system is open, the Bernoulli's equation ré8uces to

Viop J29h (2.14)

whereh stands for derrostatic pressure height, i.e. height of the sprue. To achim@erealistic

result calculating the velocity a friction factdr is necessary. This factor can be seen as representing
the percentage of loss in velocity due to friction between melt and mould wall and due to pressure
drop. The new expression for the velocity is then seen in Eq. 2.15. The value for the loss factor is
based upon experience, but a value 0.5 is commonly used.

Vep @ )29 (2.15)

In case of bottom filling where the entire casting lies above the lowest level of the down sprue, o
has to assume the effect of back pressure on the flow velocity. The velocity at the bottom of the sprue
is then calculated as:

Voottom @y/ﬁ Jh h.; With friction : Vyem (1 f)@y/ﬁ Jho h, (2.16)

whereh, is the same as h, and stands for the height of the casting above the bottom aldinve
sprue. The amount of the molten metdJ] which passes a given cross section arga?\is given
as

% AVY % UA VY (2.17)

InsertingEq. 2.15into 2.17we obtain the following solution for the governing cross sectional area at

the bottomof the sprue for the case of top filling, seeftq 2.19.

Mouaw ni2gh (2.18)

M
@ f)~;ty2gh (2.19)

WhereM is total weight of the casting in Kgjd a friction loss coefficient (should be set to Ot53,
the filling time estimeed inEq. 2.12. The same procedure would apply for bottom filling.

Equation 2.19is typically used for estimating the area of the governing cross section in the gating
system. The governing cross section can be understood as the reference area bagsdthae wh
remaining cross sections are designed or defined to achieve a good design of the gatifyy kystem
should be noted that the above derivations do not apply tephégisure die casting (HPDC) of
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aluminium based alloys. In HPDC high pressure is exerted by a moving plunger in a filling chamber,
referred to as shot sleeve, which then induces rapid melt propagation throughout the die cavity, while
in gravity sand casting only gravity is exploited as the only source of the melt flow. Hence, different
rules and guidelines for designing gating systems apply and these will not be discussed in this work.
This work will primarily focus on gravity sand casting of large steel parts.

The relation between the areas in two cross sections 1 and 2 in the sprue can be found based on the
law of continuity, which has already been introduced in Eg. 2.3. In this case it can be expressed as:

AV AV, Q (2.20)

WhereQ is a volume rate of flow, # a cross section area of flow passage in points 1 and 2iand v
a linear velocity of flow in points 1 and 2

Again, the permeability of sand molds can complicate the strict application of this law, introducing
potential problems into the casting process. When this principle is used in combination for instance

with Eqg. 2.15 it yields:
A A2 (2.21)
hy :

To demonstrate the validity of the above statements and of the presented simple equations, a small
“artificial” case study has been conducted using the commercial casting simulation tool
MAGMAsoft. Filling of a casting cavity in a sand mould for two distinct gating system designs has
been simulated. The first layout, Figure 2.12 ¢apsiders a constant cross section area of the sprue
with an abrup®0° bend to a horizontal runner 1, athithen suddenly changes, i.e. decreases, its area

to a runner 2 and then connects to a cylindrical casting with a largersexigs area than the
adjacent runner 2. The second laydtgure 2.12 (b) was designed based on equations presented in
sectimm 2.3. These calculations resulted in a tapered sprue with completely different cross section
areas as compared to the first case, i.e. the case (a) was over dimensioned. Moreover, the runner in
the second layout connects to the casting at the lowestpmssible to reduce melt fall.

2.3.2.2. Case study

<+— Sprue

Runner 1
Runner 2

Casting

/

@) (b)

Figure 2.12: Outline of two geometrical layouts used in the test case, (Kotas, 2010).

Figure 2.12indicates the followingfirst, it is seen that as the melt stream falls down through the
sprue it redy reduces its cross section and follows the hyperbolic shape as outliréglia 2.8.
Therefore in the notapered sprue one can observe the separation of the melt from the mould walls
and the following air aspiration due to low pressure into the rnekrs.

Next, when the first melt reaches the bottom of the sprue it directly hits the mould walls due to a
missing bend. The so far calm and coherent melt stream then breaks and splashes introducing severe
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turbulence into the stream, Figure 2.13.(&#)does not splash only horizontally but also upwards
back to the sprue where it meets the fvewing melt. It again leads to disintegration of the melt
stream. It should be noted that liquid metals and mainly aluminum based alloys readily oxidize in
contact wih air. Therefore, having turbulent and disintegrated melt flow increases the probability of
having oxide films incorporated somewhere in the melt. There is no use of explaining here why and
how oxides compromise the overall casting quality since manysterak scientific papers are readily
available; the reader should refer to the book of John Ca?ﬁpbel

(@) (b) (©) (d)

Figure 2.13: Filling sequence for the gating system with sharp and abrupt transitions in cross sec
leading to splasheand back waves even before the melt gets to the mould cavity, (Kotas, 2010).

In Figure 2.13 (b)a formation of a back wave after the melt impinges the runner wall is seen. This
undesirable feature will for sure will lead to air entrapment and also to folding of oxide films already
present on the melt surface. When the melt enters the reduced flow channel, the melt does not fill the
entire area and an area with low pressure forms along the walls, which is $egarin2.13 (c)

Last, inFigure 2.13 (d)a situation when the melt reaches the casting is depicted. What happens is
that the melt will fall down into the casting cavity and will create an empty area right below the cross
section change. This area will consequently be filled with the metal butlldiiawe no way to leave

that area, resulting in air bubbles. Moreover, that “dead” area will solidify earlier than the rest of the
casting since it is stagnant while the remaining sections are still being filled by the hot melt. As a
consequence, the “dead” area will have different microstructure and possibly also distinct mechanical
properties. More on this topic will be discussed in the section devoted to solidification.

Filling results for the second layout, redesigned according to the simplified@tuatisection 2.3
can be seen iRigure 2.14.

@) (b)

Figure 2.14: Filling sequence for the modified gating system where the sharp corners at the bottom «
sprue got replaced by a simple turn, (Kotas, 2010).
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From the filling sequence in Figur2.14it follows that the melt movement is much more uniform

and coherent. It all started in the sprue area where air aspiration is not seen, the melt falls down with
almost negligible separation from the mould wall. Due to the added bend, the melt dbéghe

bottom wall, but propagates further to the horizontal runner and to the casting with no apparent
disturbance. Also, thanks to the horizontal runner placed at the lowest point of the casting, the melt
fall was eliminated.

It must be emphasizedahthis case study is only indicative. This test case was intended only to
demonstrate the benefits of the properly calculated gating system in which the basic physical
principles of the fluid flow, i.e. continuity and Bernoulli equations, were fully cemed. For more
detailed analysis of different designs of gating systems refer to the reference 16.

2.3.3.Sprue base

The point at which the falling liquid emerges from the exit of the sprue and executes armigat

turn along the runner requires special dttan One of the widely used designs for a sprue base is a
well which is shown irFigure 2.15a. Its general size and shape has been extensively researched by
many research groups and individuals in an effort to provide optimum efficiency in the reduction of
air entrainment in the runner. The idea of this bottom well has been to take in the first metal stream
falling from the sprue and comfort it so that calm and twbulent melt flow throughout the
horizontal runner is provided. However, based on mangopet discussions with various metal
casters, on literature search and also after performing many numerical simulations, it seems that the
comforting and widely held image of the well as being a “cushion” to soften the fall of the melt is
seen to be an dkion. In reality, the well has been an opportunity for the melt to churn, entraining
guantities of oxide and bubble defects. This can also be séagure 2.15a, where a bottom well

has been used while filling a small casting. One can clearly seestliaé anelt impinges at the
bottom of the well, it disintegrates and splashes causing severe surface turbulence and consequent air
entrapment. These trapped air bubbles are then transported further into the casting cavity with the
flowing melt compromising the final casting quality.

(@) (b) (©)

Figure 2.15: Three common typesf sprue/runner junctions. A sprue well (a), turn (b) and a sharp 90deg
corner-element (c), (Kotas, 2010).

Campbell and his colleagues performed systematiayXradiographictsdies which started in 1992

to investigate the effects of various sprue ends on filling patterns of various castings. They have
shown that in a sufficiently narrow filling channel with a good radius at the sprue/runner junction, the
high surface tensionfdhe liquid metal assists in retaining the integrity of a compact liquid front,
constraining the melt. These investigative studies on narrow channels in real moulds with real metals
quickly confirmed that the sprue/runner junction was best designedirapla tirn Figure 2.150,
provided that the channels were of minimum area. The studies showed that if a well of any kind was
provided, the additional volume created in this way was an opportunity for additional surface
turbulence, so damaging the meltrthermore, after the well was filled, the rotation of the liquid in

the well was seen to act as a kind of ball bearing, reducing the friction on the stream at the turn. In
this way the velocity in the runner was increased. These higher speeds observed outanfleght
turns provided by a well were unhelpful. For a narrow turn without a well the velocity of the metal in
the runner had the benefit of additional friction from the wall, giving a small (approximately 20 %)
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but useful reduction in metal spe€ethus the conclusion that the filling systems perform better
without a well seems conclusive.

The worst case possible is to use a 90 degree angle junction between the sprue and the runner as seer
in Figure 2.15¢ Sudden changes in the direction of flow can produce low pressure zones. Moreover,
these sudden changes in the flow direction or dead ends always lead to massive splashing and
pressure baciwaves, leading to surface turbulence of the propagating melt front and to subsequent
air entrapment or foldingf oxide films as also seen in work by Tiedje and Ldfsd@he mentioned
problems with the turbulent flow pattern can be minimized by making the change in flow direction
more gradual or smooth. It may seem obvious that this solution, i.e. right angierjusicould never

be applied but one would be unpleasantly surprised how often it is still used in foundry practice. Not
especially in casting of large steel cast parts but in gravity sand casting of grey cast iron. This just
shows how optimization of gag systems and filling patterns has been taken for granted by many
metal casters and foundry technologists. A demonstration of how significantly simple changes in the
design of the sprue base can influence the filling pattern is shown in case study satcin

2.3.2.2., and also iRigures 2.13 an@®.14.

2.3.4.Runner

The runner is that part of the filling system that acts to distribute the melt horizontally around the
mould, reaching distant parts of the mould cavity quickly to reduce heat loss problems. The runner is
usually horizontal because it simply follows the normal mould joint in conventional horizontally
parted moulds. In other types of moulds, particularly vertically jointed moulds, or investment moulds
where there is little geometrical constraint, the runner would often benefit from being inclined uphill.

It is especially useful if the runner can be arranged under the casting, so that the runner is connected
to the mould cavity by vertical gates. But above all, thisated bottom gating will ensermore

uniform and slower entry of the melt into the casting cavity. Placing the mould cavity below the
runner causes an uncontrolled fall into the mould cavity, creating the risk of imperfect castings. For
products whose reliability needs to be guaranteed, the arrangement of the runner at the lowest level of
the mould cavity, causing the metal to spread through the running system and the mould cavity only
in an uphill direction is a challenge that needs to be met. More on the methods of gating wilhbe give

in the following sections.

The objective of a runner is not solely to deliver a molten metal into the casting cavity but also to
control the velocity of the flowing metal, i.e. to slow it down. In the horizontal runner the melt is no
longer falling and therefore the velocity is no longer increasing as in the down runner and the bend
below the down runner. This means that at least in theory, using the continuity equation Eq. 2.22 it is
possible to decrease the velocity by increasing the eextmnal aga throughout the horizontal
runner. A traditional approach has been to enlarge the cross section area of a runner compared to the
sprue exit to provide sufficient friction and hence to slow down the melt. A danger of this approach
lies in that if the runer area is expanded too much it will cause the runner to be incompletely filled
and so permit conditions for damage, i.e. surface turbulence and surface oxidation. Campbell states
that if the runner’s area is enlarged by more than 20% as to the sprutesxisk of incomplete

filling rises”. One of the most effective devices to reduce the speed of flow in the runner is the use of
a filter. The close spacing of the walls of its capillaries ensures a high degree of viscous drag. The
flow rate can often be reduced by a factor of 4 or 5. This is a really valuable feature, and actually
explains nearly all of the beneficial action of the filter (i.e. when using good quality metal in-a well
designed filling system the filter does very little filtering. Its neathportant action in improving the

quality of castings is its reduction of velocity).

2.3.4.1. Taperedunner

Very often, when casting larger castings it is necessary to use multiple thin gates or multiple runners.
In order to facilitate a good filling pern where melt will enter the casting cavity from all the thin
gates at the same time, geometrical adjustments in the runner design have to be performed. The
situation is shown in Figure 2.16. Clearly, the momentum of the flowing liquid causes thesfurthe
gate, number 3, to be favored. The rapid flow past the opening of gate 1 will create a reduced-
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pressure region in the adjacent gate at this point, drawing liquid out of the casting! In the case of a
nontapered runner it would have been best to havegate 3.

@) (b)

(c)
Figure 2.16: Filling sequence in the nomapered runner, indicating issues with noaniform metal entry

into the mould cavity. Moreover, melt velocities differ for each thin gate. Simulation was performed based
on an exampé given in Campbelf

Where more than one gate is attached to the runner, the runner needs to be reduced in its cross
section as each gate is passed, as illustratémyime 2.17. It has been common that such reductions
have usually been carried outaseries of steps, producing the welbwn stepped runner designs.

For three ingates the runner would be reduced in section area by a step of one third the height of the
runner as each gate was passed. HowevettimgalX-ray studies have noted how cgithe priming

of such systems, because of the high velocity of the stream, the steps cause the flow to be deflected,
leaping into the air, and ricocheting off the roof of the runner. Needless to say, the resulting flow was
highly disturbed, and did not laieve its intended even distribution. It has been found that simply
reducing the crossection of the runner gradually, usually linearly, cures the deflection problem. A
smooth, straight taper geometry does a reasonable job of distributing the flow &igunlg 2.17).
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()

Figure 2.17: Filling sequence in the tapered runner. Much more uniform metal entry can be observed with
more-or-less similar melt velocities in all thin gates. Simulation based on Campbell

Figure 2.17c shows a much more favorable filling pattern using velocity vectors showing the
velocity and direction of the flowing melt. The areas of our focus are the three gates which indicate a
more directional flow pattern as compared to the tapered runner ikigure 2.16.

There is especially one casting technique in which gating systems are of utmost importance. In high
pressure die casting, it really matters if the melt enters the die cavity from all the runners/thin gates at
the same time. Filling velocities are so highlinfi times so short and die cooling so intense that
having melt coming at different velocities and at distinct times very often results in waves, splashes,
air bubbles or even cold shuts due to inability of the melt streams exhibiting different tengseratur

to fuse. One such example is given in the seriésgare 2.18. The two split horizontal runners are

not tapered enough to ensure a uniform entry from all the thin gates at the same time, Figure 2.18(a)
Due to the geometry of the thin gates, in a bimation with different melt velocities, several areas
indicate potential problems with air entrapment in the early stages of filling, Figure 2.18(b)

entire filling pattern is captured iigure 2.18(c) Notice the encircled area which suggests a wave
forming in an area from which the air will not be able to escape, when entrépgec: 2.18(d)

shows the air entrapment criterion which supports the just mentioned assumption that waves and
vortices can cause entrapment of air inside the casting.
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(a) (b)

(©) (d)
Figure 2.18: Filling of high-pressure die casting. (a) Initial stage of filling when the melt is entering the die
cavity unevenly from the four thin gates due to inadequately tapered runnés¥ consequence of improper
gating systm air entrapment at the lower part of the casting, (c) fill time criterion function indicating the
overall filling pattern. Issues with surface turbulence and potential risk of air entrapment encircled, (d) air
entrapment criterion implying air pocketshich arise during filling. Figures taken from Kotas

It should be noted that an improper design of the runners can promote not onlydibitegt issues

as just demonstrated. The runners and primarily their robustness play a significant role in the
soldification behavior of the entire casting. By this we mean that if the gating system is thick or
bulky as compared to the adjacent casting, it will solidify later than the casting, and may form hot
spots which can then result in shrinkage porosity just above the thin gates. Or, in a worse case, it may
lead to deformation, e.g. bending or warping, and residual stresses inside the casting. Consider now
the same HPDC cast part in Figure 2.18. It appears that when the robust and wide gating system,
adjacent ta very thinwalled flat Al-based casting, tries to cool down and shrink, the entire casting
can end up being distorted or containing residual stresses. This situation is well documented in
Figure 2.19. Since the gating system is robust as compared to the actual casting, it solidifies and
contracts a bit later. As it contracts, it forces the casting to bend down, i.e. bend it-otiréian.

The adjacent bottom area of the casting is already solid and relatively strong, thus exerting quite
some resistare to any bending. This situation must naturally result in high stresses hdliteetzon

inside the casting, as shown in Figure 2.19(Jhen the gating system gets trimmed off, some of
these “locked” stresses inside the casting get relieved (Figure 2.19{b3),form of permanent
displacements, sdeigure 2.19(c, d) This phenomenon is referred to as elastic sgrak. Even
though, the aforementioned findings may seem obvious, one would be very surprised how many
foundry engineers have very little oo clue about thermally driven stresses and strains arising
during metal casting. This explains why stregsin analyses are commonly skipped when
performing casting simulations. Moreover, some of them totally disregard the fact that even gating
systemscan substantially contribute to deformation or residual stresses inside castings. The author
bases this statement on personal experience with both HPDC and steel foundries.
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(a) (b)

(©) (d)
Figure 2.19: (a) stresses in the z direction dwethe hindered thermal contraction of the casting caused by the
robust gating system, (b) partial stress relaxatielastic spring back, after trimming off the gating system, (c)

permanent deformation of the casting after cutting off the gating system, defailed view on the bottom
distorted, i.e. bended, area of the casting. Figures are taken from ref. [7], Kotas, 2007.

Unlike in highpressure die casting or gravity die casting, in gravity sand casting of large steel parts it
is not possible or at leagbt common to use smooth tapering of the runners as shown above. The
reason is that, refractory tiles (tubes) with constant inner diameters are used to construct gating
systems. Such a gating system is depictddgare 2.20.

Figure 2.20: Gating sgtems for large steel casting are very often made of refractory tiles. Courtesy of
Vitkovice Heavy Machinery.

When using the tile system it is impossible to use the smooth area reduction since most of the tile
suppliers do not provide these. Therefore three possible scenarios are (i) to make the choke
element as a sand core, (ii) use a tile with a smaller inner diameter, or (iii) leave thpened. In

the first case there is a high risk of sand erosion in that particular element since an eXargmely
amount of metal flows through and also, it is very difficult to integrate such element into the tile
gating system so that it holds firm. Using the second option, there is no smooth taper, but an abrupt
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change of the runner’s inner diameter which may introduce turbulence and vena contrata into the
filling stage.

As shown in Figure 2.21, lovpressure zonewith a resulting tendency toward air entrainment can

be created as the metal stream pulls away from the mold wall. With a sudden enlargement of the
channelFigure 2.21(a) momentum effects will carry the stream forward and createplessure

zones at the enlargement. With a sudden reduction in the channel cross section, Figurelz21(b)
law of continuity shows that the stream velocity must ine@eagpidly. This spurting flow will thus

create a lowpressure zone directly after the constriction.

(@) (b)

Figure 2.21: Schematic showing a theoretical formation of lgaessure areas due to abrupt changes in the
cross section of a flow channel, e.g runner or a sprue.

If the third solution, i.e. notapered runner with no choke elements, is preferred, then a way of
reducing the velocity of the flowing melt is to introduce runner extensions, also called overruns. The
function of the runner extermi was explained earlier, but in general it serves to absorb the kinetic
energy and to lower the entrance velocity of the melt. A clear evidence of the usefulness of the runner
extension is depicted Iigure 2.22. There, it is seen that without the rungxension the velocity in

the runner was much higher leading to more severe impingement and splashing of the colliding melt
streamsFigure 2.22(a) While, when the small runner extensions were added, Figure 2,22
velocity got lowered, eliminating the massive collision and splashing. If the size of those extensions
was even larger, an even slower entry would be achieved.

() (b)
Figure 2.22: Effect of the runner extension on the flow velocity. Obviously, more profound effect on the

velocity rediction could have been achieved if larger runner extensions were employed, [ref. Paper II,
(Kotas et al. 2010)].

An example of non tapered runners in a commercial steel casting can be also-sgareid.23. As

a consequence of the improper runner desigionaniform metal entry from separate thin gates is
observed. Moreover, the runner system does not provide any velocity reduction thus the metal enters
the casting cavity with a high velocity leading to jetting and subsequent splashing and surface
turbulence. A remedy to this situation would either be to totally redesign the gating system, to enlarge
the thin gates cross section area or to design it as a fan gate to increase friction losses. Additionally, if
a runner extension was added, the kinetiaggnef the flowing melt would be lowered somewhat

and hence also the entrance velocity.
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Figure 2.23: Nontapered runner system contributing to the namiform entry of the metal into the casting
cavity, [ref. Paper IV, (Kotas et al. 2010)].

A next example of how the ndapered runner leads to a nemiform entrance of the melt into the
casting cavity is shown iRigure 2.24. In that case the thin gates were positioned horizontally, being
filled by a circular runner with a constant cross section. Theopgs geometry of the runner has led

to a situation where some gates got filled much earlier, depending on their position to the vertical
sprues. Since this casting has been filled simultaneously from multiple ladles, the impingement of the
multiple melt sreams caused some gates to be filled with rather high velocity, due to the kinetic
energy of the colliding melt streams. In such areas, the risk of mold wall erosion has increased
tremendously. A reasonable solution to this problem would be to add few runner extensions to absorb
some energy and to split the circular runner to several sections to prevent the impingement of the
melt streams. Moreover, a tapered runner, by means of choke elements has also been proposed but
the manufacturing foundry refused to apply it.

2% 2,5% 3%

4% 5% 7%

Figure 2.24: Nonruniform metal entry at the initial stages of the filling process of a large steel ring. This
problem can be solved by making the runners tapered with gradually reduced cross section areas, [ref.
Industrial report, (Kotas 2010)].
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2.3.5.Thin gates

At this moment, a reader would expect one more section related to individual elements of a gating
system. Till now, thin gates have not been addressed properly. Thin gates are elements of literally all
gatingsystems. They can be found between runners and a casting and they directly deliver the melt
into the casting cavity.

Thin gates in general play an important role in the overall quality of a filling procedure as they are
the last elements which can comtrice. slow down or accelerate the propagating melt. Naturally,
there are few general guidelines which should be followed when designing thin gates. First of all the
thin gate has to be connected to the casting in a way that gives a beneficial heatidistn the

casting after mould filling. In this way mechanical properties and feeding can be enhanced. Secondly
it should be kept in mind that the cresection area throughout the thin gate should be either the
same or increased relative to the topsssection of the ‘bend under the casting’. At the same time

the connection to the casting should be as thin as possible. These two parameters will help to
decrease the velocity of the melt when entering the mould/die cavity. Thirdly the connection between
the thin gate and the casting should be in a way that makes it as easy as possible to remove the gating
system from the casting.

In casting of thiawalled or net shape castings, thin gates are one of the most, if not the most
important features which &t filling. Therefore, a close attention must be paid to the thin gate
design in HPD@evoted foundries. However, this does not apply to the same extent to casting of
large steel castings. Typically, thin gates look exactly the same as the runners; they are simply made
of the same refractory tiles as the horizontal runners. Sometimes steel foundries use conical, i.e.
upward expanding, thin gates which are usually made as sand cores and not as tiles, or fan gate-
resembling thin gates can be applied as wel, Figure 2.25. As to the velocity reduction, it must be

said, that in case of large steel castings, these gates do not slow down the melt almost at all since
often the melt falls down from-2 meters and these small elements cannot remarkably slownt do

It is primarily the runner extension that significantly absorbs the kinetic energy and slows down the
velocity.

The author’s conviction is that for filling of small, thivalled, net shaped castings the design of thin
gates matters a lot, however, filing of extremely large castings it does +ibat much.

Shelklike thin ~<"
gates

Figure 2.25: fan gatelike thin gates applied for large steel castings. This figure cannot be shown entirely
due to copyright restrictions imposed by the manufacturing foundry.

2.4.Methods of Gating

Now, when the basic principles of traditional gating systems are known, three methods of gating will
be introduced and discussed. It means how the melt gets to the casting cavity from the gating system,
whether (a) it falls down from the top to the bottom of the cavity, (b) it flows from sides or, (c) it
flows from the bottom of the cavity against gravity force, as sketchEdyime 2.26. Each method
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has its pros and cons and thus it is up to the foundry technologist to select the most desealfle trad
solution.

(@) (b) (c)

Figure 2.26: Methods of gating,(a) top filling, (b) side filling and (c) bottom filling. Figure inspired |
Beeley®.

2.4.1.Top gating

When metal is poured through a top gate or directly into an open feeder head, the melt stream
impinges against the bottom of the mould cavity until a pool is formed; this is kept in a state of
agitation until the mould is filled. The erosive effect of the unconfined stream can be severe, whilst
the associated Eshing gives an opportunity for oxidation. The mould surface can be protected at the
point of impact by preformed refractory tiles; however, the massive splashing cannot be prevented.
The principal advantages of top gating are its simplicity for mouldisglow consumption of
additional metal and, above all, the generation of temperature gradients favorable to feeding from top
heads; this arises from the proportionately rapid cooling of the first metal poured, followed by the
progressive accumulation of metal from above until the mould is full.

In Figure 2.27, two examples coming from industry are shown. Both of them represent a combined
filling, i.e. bottom and top filling. A function of the top runners is to supply a hot melt into the upper
sections ofthe casting to establish a favorable thermal gradient so that the feeder feeds well.
However, a huge downside of this solution is that the top runners get filled too early causing a
waterfall of the newcoming melt. This will for sure lead to massive @tidn of the propagating

melt, compromising the overall quality and integrity of the final product.

(@) (b)

Figure 2.27: Combined bottom and top filling in two industrial castings (a) a wedge casting, [ref. Paper
IV, (Kotas et al. 2010)], (b) a stefdrging ram, [ref. Paper I, (Kotas et al. 2010)].

A problem with oxide films is that nobody knows where they end up in the solidified structure. For
instance, when the forging ram in Figure 2.27(¢m|s put into service, it collapsed after only a few
forging cycles. After sectioning and a metallographic analysis it was found that it was the oxide films
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together with porosity that caused this ultimate failure. Therefore, the author’s personal conviction is
that if possible, top filling should be completely avoided.

2.4.2.Bottom gating

Quiet entry of metal into the mould cavity is best achieved by its introduction at the lowest level.
Using this method the metal rises steadily through the mould, splashing and metal/mould
impingement are nearly eliminated and dislodged moulding material tends to be carried away to the
surface. If bottom gates are used with top feeder heads the resulting temperature gradients are
opposed to feeding, but various measures are available to reduce this effect. Despite the greater
complexty of moulding, the method is much used for heavy castings. Nevertheless, one should
always provide that the entrance velocity will be sufficiently low to prevent jetting and splashing as
seen in Figure 2.2§left) illustrating the forging ram again. Due missing elements for velocity

control such as choke elements of runner extensions, the melt was so fast inducing very undesirable
jetting. The identical feature was also seeRigure 2.23 because of the same reasons.

(a) (b)

Figure 2.28: Bottom ax side gating and its impact on the filling pattern of the large steel forging ram [ref.
Paper Il, (Kotas et al. 2010)].

2.4.3.Side gating

Moulding can be simplified by the discharge of metal into the side of the mould cavity through
ingates molded along a pad line; this practice frequently offers the best compromise between
moulding convenience and the ideal gating arrangenkégtire 2.28 (right). Using side gating,
progressive mould filling can be achieved by tilting the mould towards the ingates tdepugpViill

casting conditions, as seen in Figure 2.4. If multiple runners and gates are used for filling of a single
casting, it should always be insured that the melt streams will not directly collide as depicted in
Figure 2.28(right). If they do colliddt introduces surface turbulence into the filling stage leading to
oxidation. Moreover, a direct impingement on the mould or core wall could relatively easily evoke
sand erosion. Therefore a very common procedure is to apphllsd tangential thin gateBigure

2.29.
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Figure 2.29: Combined bottom and top filling of a flangghaped cast iron casting. Tangential thin gates
have been employed in this case to prevent the melt impinging directly on the central sand core, which may
cause sand erosion, (Kas, 2008). This casting has been used in a course on modeling of casting processes
as an example of an improperly positioned gating system.

It means that the gates will not be connected or directed to the casting cavity with a 90 degree angle
but with lowe as for instance in the case of the steel ringigure 2.24 The tangential gates will

then induce the melt to sort of rotate and propagate relatively smoothly, minimizing a risk of surface
turbulence.

2.5.Filling Related Defects

As far as casting defects are concerned, many books and atlases have been written giving very
thorough descriptions of all so far known casting defécts Hence in this chapter, only defects
primarily induced by improper gating and pouring techniques will be briefly addressddidusly

does not mean that no other features such as casting and pattern design, moulding sand, risering,
melting practice etc. evoke these defects. Only, due to the lack of space, these other features will not
be discussed. The three major defegbicslly initiated by wrong design of the gating system, i.e.
wrong basin, nolapered sprue and runners, sharp bends etc., or by a metal caster while pouring, too
rapid or slow filling, interrupted pour, are: (a) misruns or cold laps, (b) gas inclusiengas

bubbles and (c) inclusions, i.e. sand grains, slag or other dirt. These three will be discussed in the
following three sections.

2.5.1.Misruns and cold shuts

A misrun casting is one which lacks completeness due to failure of the metal to fill the entire mold
cavity. A portion of the casting is missing, usually on the cope surface or at a location remote from
the gate area. The edges surrounding the missing portion are rduriididcent surface are
generally shiny. The gates and runners are-filieitl.

A cold shut casting is one in which a definite discontinuity exists due to imperfect fusion where two
streams of metal have converged. This defect may have the appearance of a crack or seam with

smooth, rounded edd@sSeeFigure 2.3Q

Figure 2.30: (left) typical misrun casting, (Kotas, 2009), (right) a cold shut casting.
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There is more than one cause for occurrence of these two defects, among the most decisive
areé™:
X Improper sizing of gates, runner and spriibe gating system must be designechst the sprue
and runners are of adequate size to supply metal to all gates evenly, and to keep the gates full in
order to avoid interrupted metal flow.

x Gates not properly located’he proper location depends entirely upon casting design. How the
mold cavty will fill and the probable flow pattern must be visualized and the gates located
accordingly.

X Pouring temperature is too low

X Interrupted pouring produces uneven filling and permits oxide films or gas to prevent proper
fusion, the sazalled knitting of the metal after pouring is resumed. Letting the sprue drop (not
keeping the sprue filled) also acts as an interrupted pour.

X Reducing the rate of pour too soon may reduce the pressure needed to finish filling the mold
cavity

x Slag, dirt or ladle refractory Wich stops off the gatects as an interrupted pour or a reduced
pouring rate.

x Not keeping the sprue, runner and gatesduatk as an interrupted pour or inadequate pressure. In
addition, this practice permits air entrapment which reduces fluidity of | nfespecially
nonferrous), or allows rapid oxide film formation in metals such as steel.

2.5.2.Gas Defects (air bubbles)

Blows or gas holes in castings are cavities, spherical, flattened or elongated, see the encircled red
area inFigure 2.5(a) Fundamentally,hey are caused by localized gas pressure that exceeds the
metal pressure in any locality during solidification of the metal. Gas follows the path of least
resistance and hence moves usually toward the cope portions of the casting. Blows or gas holes may
appear as depressed areas in the surface of the casting or as a subsurface cavity.

Pinholes, blisters and body scars as well as certain types of porosity are variations of gas holes or of a
blow. A great deal of confusion can occur because of the frequeitargy in appearance to the
shrinkage defect. There are two areas of possible confusion which must be analyzed carefully. In the
first place, gas defects may occur in combination with a shrinkage area. In the second place, shrinks
and blows tend to occur in the same general location. Both are likely to be located in the section of
the casting that solidifies last. It is also wrong to define a blowhole as a cope defect and it is false to
conclude that a similar defect in the drag must be a shrink. fuésthat gas tends to rise and,
therefore, flow to the cope. On the other hand, if the gas is created in the drag, it may not have time to

travel upwards. In this case the blow is the drag defect. The general causes for this defect to form
areé™:

x Casting and pattern design.

x Gating causing turbulencélhe use of nottapered sprues, sharp bends in the runner and gate
systems should be avoided.

x Gating system that causes interrupted flow of metal

X Improper sprue or gate design allowing air or mold gas to etftermetal streamrRound design,
i.e. conical, pouring basins should be avoided as this will create a vortex. Straight sprues, i.e.
nontapered, should not be used for tall castings at all. Sharp bends in the runner system should
be avoided. All of these ¢tors cause aspiration of air.

x Gating system not full. Tapered runners or at least choke elements should be used when having
multiple gates to provide full channels with no melt oxidation or back waves.
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2.5.3.Inclusions

Inclusions are particles of foreign masérembedded in the metal. If these inclusions are found at the
surface, they may be removed during cleaning, leaving only the holes. In this case, they may be
referred to as dirt holes. Since this defect involves an unintended object or foreign bodyindeger

the exact cause may involve clever detection. For example, the defect may be due to “any foreign
materials getting into the mold, sprues, or open risers through carel&ssnkss looking for
careless molding may not be adequate. The carelessrmsbe a matter of equipment, design,
placement or maintenance. For example, the sand distribution belt may be spilling sand into open
molds below.

It is obvious that the presence of a scab, erosion, or cut in the casting will produce sand or slag
inclusions somewhere in the casting. It may not be equally obvious that such defects on any part of
the gating system can create an identical problem. Since the gating system is usually detached before
the casting is inspected and rejected, the source of trbabames mysterious. Inclusions involving

a given pattern should be studied by inspection after cleaning, but with the gating system attached.
The presence of any expansion, erosion, or cut defect on the gate, runner or the sprue may easily be
the cause even though at some distance from the inclusions in the casting itself. The most probable
causes afé

X Those design factors which contribute to scabs, cuts washes and ewoliamensify the
tendency towards inclusions which result from such defects in casting. Such designs involve
abrupt changes of section, irregular contours, deep pockets and sections which detract from
uniform mold hardness or excessive metal flow over confined surfaces.

X Improper gating. Gates should be located so the first metal will cushion the remainder of the
metal and keep the sand covered until the mold cavity has been filled. This applies equally to the
area at the base of the sprue where cuts are common. Gating systems that create slow pouring can
cause scabs, particularly on eagurfaces. Slow pouring exposes the cope surface to radiant heat
without a protective metal covering. This applies equally to the cope surface or runners. Gating
formulas which create an unfilled runner should be avoided since the cope of such ruhners wil
eventually scab and drop sand into the gating system. An inadequate number of gates creates cuts
and washes in the casting. An inadequate runner of excessive choke can likewise cause a cut or
wash of the gating system. Weak skim cores may break down and wash into the casting
especially if the amount of metal through the core is excessive. A gating system may be designed
in such a way as to create, permit, or increase the formation of inclusions. For example, the choke
may be inadequate to stop the flowst#g or dross coming into the sprue. The slag traps may be
located incorrectly so as to permit further slag formations after the trap or they may be too small
to retain the slag entering the system. The pouring basin designs should avoid a vortex and must
permit retention of slag in the cup.

X Pouring temperatureLow pouring temperature is a common source of trouble. A gating system
with adequate choke for relatively hot, clean metal may fail to separate slag from a colder, dirtier
ladle of iron.

X Interrupted or slow pouring. Failure to keep the sprue full destroys the effectiveness of the slag
trap in the gating system and permits slag to drop down the sprue instead of remaining in the
pouring cups where it belongs.

Obviously there are many other causes for inclusions such as metal composition, melting and pouring
practice, molding sand, core and molding practice, pattern equipment, flask equipment and rigging,
or risering techniques. These will not be discussed in detail here. The interested readerfehoold re
references 20 and 21.

41



References

10.
11.

12.
13.
14.

15.

16.

17.
18.

19.
20.

21.

Dai, X., Yang, X., Campbell, J., Wood, Jinfluence of oxide film defects generated in filling
on mechanical strength of aluminium alloy castinddaterials science and Technology,
Vol. 20, Nr. 4, pp. 505513, @004).

Mi, J., Harding, R.A., Campbell, J.Effects of the Entrained Surface Film on the Reliability
of Casting®, Metallurgical and Materials Transactions A, Vol. 35A, (2004).

Dai, X., Yang, X., Campbell, J., Wood, J.Effects of runner system design tre
mechanical strength of Al /7Si /Mg alloy castihgslaterials Science and Engineering
A354, pp. 315325, (2003).

Gunasageram, D.R., Finnin, B.R., Polivka, F.BJett flow velocity in high pressure die
casting: its effect on microstructure and medbahproperties in an ABi alloy’, Materials
Science and Technology, Vol. 23, Nr. 7, pp. 8B, (2007).

Kotas, P., Hattel, J.H., Thorborg, J., Svensson, |.L., SeifeddineM8delling of Filling,
Microstructure Formation, Local Mechanical PropertiesdaStress -Strain Development in
High-Pressure Die Cast Aluminium CastifigsProc. International Ph.D. Foundry
ConferenceBrno, Czech Republic, (2009), i.e. [enclosed paper II].

Domkin, K., Hattel, J.H., Thorborg, J.Mbdeling of high temperatureand diffusion
controlled die soldering in aluminum high pressure die casting”, Journal of Materials
Processing Technology, (2009).

Kotas, P., Numerical Optimization of Die filing and of HigPressure Die Cast
DeOformatiori, Master Thesis, Technical Universit§ Denmark, Lyngby, Denmark, (2007).
Hattel, J.H., Fundamentals of numerical modeling of casting procésdeslyteknisk
Forlag, (2005).

Fox, R.W., McDonals, A.T.,Ittroduction to fluid mechani¢sfourth edition, John Wiley &
sons, Inc. (1994).

White, F.M., ‘Fluid mechanicy sixth edition, McGrawHill, (2007).

Campbell, J., “Castings Practice, the 10 Rules of Castings”, Elsevier Butterworth
Heinemann, (2004).

ASM HandbookVolume 15, Casting”, ASM International, (1998).

Campbell, J., “Castings”, Elsiy ButterworthHeinemann, (2003).

SkowvHansen, S.,Reduced Energy Consumption for Melting in Foundri@h.D. Thesis,
Technical University of Denmark, (2007).

Tiedje, N., SkowHansen, S. —Streamlined Gating Systems with Improved Yield
Dimensioning andExperimental Validation, World Foundry Congress, Harrogate, UK,
(2006)

Tiedje, N.S., Larsen, P., “Investigation of the stability of melt flow in gating systems”,
Metallurgical and Materials Transactions B, (in press) (2010).

Wallace, J.F., Evans, E.B.,fiRciples of Gating”, Foundryol. 87, Oct (1959).

Fredriksson, H., Akerlind, U. Materials Processing During Castingohn Wiley & Sons,
Ltd., (2006).

Beeley, P., Foundry Technolgdgyecond Edition, Butterworth — Heinemann, (2001).
International atlas of casting defects, edited by Marvin T. Rowley, American Foundry
Society, Inc., (1993).

Analysis of Casting Defects, American Foundry Society, (2007).

42



Chapter 3

3. Heat transfer during casting

All casting processes are very closely related to heat releadeeanttansport during solidification

and solid state cooling. The rate of heat removal is very important as it determines the solidification
time of the casting and the temperature distribution in the material. These phenomena affect both
directly and indectly the structure of the material, precipitation of pores and slag inclusions,
distribution and shape of shrinkage pores and thus ultimate qualities and properties of castings. Heat
transport and solidification processes in casting are very complexoféen difficult to fully
comprehend; nevertheless the knowledge of the basic laws of heat transport and their applications in
the field of casting is of utmost importance. This knowledge is then the basis for the possibilities of
modeling casting metho@dsd designing casting processes for given purposes.

3.1. Thermal conduction

It is well known, that whenever a temperature gradient is present in any kind of matter or a subject,
there is an energy transfer from the high temperature region to the low tempeggtane This
phenomenon is referred to as conduction and the heat flow per unit area is proportional to the normal
temperature gradient, where the proportionality constant is the thermal conduciiiéy basic
Fourier's law of thermal conduction canveetten as:

q kalv (3.1)
V't
Whereq, [W], is the diffusive heat flow (heat flux) perpendicular through the surface of the area
Alm?], k is the thermal conductivity, [W/mK], Ts the temperature, [K] or [°C], and ig the
descriptive space pameter perpendicular to the surface, [m]. The minus sidfgin3.1 indicates
that the heat is calculated positive in the direction it actually flows. Note that this equation is the
defining equation for thermal conductivity, k

3.2. Thermal convection

Both thermal conduction and radiation leads to transport of energy but not of material. Convection
means transport of material together with its heat content. One type of convection present in the
continuous casting of a metal melt is caused by cooling the suofathe solidified metal or the

mould with water. The heated medium disappears from the neighborhood of the metal surface and the
mould to be continuously replaced by cold air or cold cooling water. As forphégsure die casting,

the main source of convection is the motion of the melt in the shot sleeve and the die cavity.

There are two principal means of thermal convectiorted and free convection. Forced convection
involves external source of motion of air or any other type of cooling/heatingimed@he cooling

of a die or a mold by flowing liquid (water, oil) is a very good example of forced convection. On the
contrary, free or natural convection in a fluid is caused by density differences that are present in the
fluid without any influence from outside. The main convection takes place due to the transport of the
melt, and the contribution from the corresponding velocities can be seen in the energy eggation (
2.11). The velocities themselves can be found from the momentum equ&mn2.%) am the
continuity equation Eg. 2.1). Newton’s law of cooling which is applied in order to express the
overall effect of convection can be used commonly as a boundary condition or to describe the
convection during the solidification or solid state codling

q hAT, T (3.2)
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where T. and T; are the temperatures of the surface of the body and the cooling fluid, respectively. h
is referred to as the convection heat transfer coefficient, fff/mand Eq. 3.2is the defining
equation. The heat transfeoefficient his dependent on the speed of the flowing cooling medium
and the shape and size of the surface of the casting.

3.3. Thermal radiation

The last mode of heat transfer is called thermal radiation and arises due to electromagnetic wave
propagation, Wwich can occur both in a total vacuum and in a medium. We will focus on
electromagnetic radiation as a result of a temperature difference. For the ideal emitter, a blackbody,
the StefarBolzmann law is appli€d

q AT* (3.3)

where 1is the proportionality constant and is called the StBfalzmann constant with the value of
5.669-10W/ (mPK?). T is the temperature which must be inserted in Kelvin [K]. Regarding all other
surfaces distinct from the ideal black body, their radiasoconsiderably lower, however, the total
radiation emitted by these bodies still follow the fourth order proportionality stated in the Stefan
Bolzmann law.

For our purposes, the analysis of the casting processes, however, we only consider two simple cases
with radiant heat exchange between two surfaceantl A. In both cases the net heat exchange can
be found from the following expression

g AH.,VT T (3.4)

where Q.anStates for the mean emissivity. Again it should be noted, that the sign convention from
Fourier's law is adopted. The mean emissivity can be found for the aforementioned two cases which
are particularly relevant in casting processes.

Case 1:A;<< A,, corresponding to, e.g. the surface one being completely enclosed by the much

ODUJHU VXUIDFH ,Q WKLV FDVH WKH PHDQ HPLVVLYW\ ZLOC
Q
Case 2:The two surfaces are immediately adjacent. In this casedéan emissivity will be given by
1
/mean i i 1 (35)
H H

Eq. 3.4 is often rewritten in a form more suitable for calculations:
ad A ffean |/]-13 T12T2 T1T22 Tz3 T, T (3.6)
When introducing the equivalent heat transfer coefficient for radibtigngiven by:
hea HWV T2, TTZ T, (3.7)
Eq. 3.6 can be written in the same form as Newton’s law of cooling
g hygAT, T, (3.8)

These phenomena can be very complex and all the calculations are very rarely as simple as presented
here. But for our purposes aftroducing basic heat transfer modes in casting processes, these
expressions are sufficient enough.
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3.4.Heat Conduction equation

All thermal models, regardless of their complexity rely on the solution of the heat conduction
equation,Eq. 3.9. This partial ifferential equation provides the basic tool for heat conduction
analysis. From its solution, it is possible to obtain the temperature distribution in a medium, e.g. a
casting or a mould, resulting from conditions imposed on its boundaries as a funditios. of

wg w .- w3 wW:- w§ w . W
WEW - WIW - W W Qo Gp— (3.9)
wowl wow: wo wti W
where ! denotes the material density [kgﬂmcp the specific heat capacity [J/kgKT, is the
temperature field [K], andy, the volumetric heat source term [Wimit is often possible to work

with simplified versims of Eq. 3.9For example, if the thermal conductivity is a constant, the heat
conduction equation becomes

WT WT WT gy 1 W
\M2 vy2 WZ k D W

(3.10)

:KHUH . LV WKH WKHUPDO GLIIXVLYLW\ RI PDWHULDO ZKLFK
conducted in a solidnlwords, the heat conduction equation states that at any point in the medium the
rate of energy transfer by conduction into a unit volume plus the volumetric rate of thermal energy
generation must equal the rate of change of thermal energy stored wighivollhmé Once the
distribution of the temperature is known, the conductive heat flux at any point in the medium or on its
surface may be computed from Fourier’s law. Other important quantities of interest may also be
determined. For a solid, knowledge thfe temperature distribution could be used to determine
structural integrity through determination of thermal stresses, expansions and deflections. The
temperature distribution could also be used to optimize the thickness of an insulating material, e.qg.
insulating padding around risers, or to determine the compatibility of special coatings used during
casting.

In addition to the heat conduction equation it is necessary to specify appropriate initial and boundary
conditions in order to describe fully the physical problem under considérafioa initial boundary
conditions specify the initial temperature distribution throughout the body. In many problems, also in
casting processes, the initial temperature might often be assumed constant.

With regard to thdooundary conditions, there are five principal boundary conditions which are used

in mathematical theory of heat conduction as idealizations of the actual physical processes. Basically,
these boundary conditions are based on the three aforementioned modes of heat transfer. For more
detailed analysis, refer'td

3.5. Heat transfer between materials and thermal resistance

The casting consists of a number of materials in addition to the metal, e.g. sand mould, die, chills,
cooling circuit etc. The contact betwettiem is not ideal and can lead to a significant temperature
drop across the interface due to the thermal resistance to heat transfer. This temperature change is
attributed to what is known as the thermal contact resistance. The existence of a finité conta
resistance is due principally to surface roughness effects. Contact spots are interspersed with gaps
that are, in most cases air filled. The mechanism of heat transfer at the interface between materials
can be due to conduction and/or convection in the material (usually air) located in the small gaps
between the materials in contact, and radiative transfer across these gaps can also be significant if the
temperature difference between the two materials is large. Since it is difficult to model alleof thes
effects on the microscopic level, the overall resistance to heat transfer across the gap is usually
accounted for by using an equivalent interface heat transfer coefficient (HTC) between the materials.
This is illustrated in Figure 3.1.
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Figure 3.1: Teanperature drop due to thermal contact resistance at the interface between the casting and
mould. Figure inspired by Hattél

As an example to how this contact resistance affects the heat transfer between two materials, consider
the contact resistance bet®n the casting and the mould. The total resistance to heat transfer between
a location in the metal and a location in the mould is givén by

[0}

a
metal mould dmetal 1 dmould .

Rtotal onduction I:\>inten‘ace onduction S h Kk > (3-11)
Ckmetal interface mould ¥

Wherehimeriace IS the interface heat transfer coefficieniesl anddoug aredistances in the metal and
the mould away from the interface, akgl and kmoug are the thermal conductivities of the metal
and the mould, as illustrated figure 3.1.

3.6. Solidification and feeding of castings

During cooling and solidification in the mold most metals and alloys undergo volumetric changes,
i.e. they shrink. The combined effect of metal shrinkage and mold behavior during casting
solidification dictates casting soundness. Improper management of heat flow may result in casting
defects such sacold shuts or shrinkage defects. These defects are responsible for considerable
financial loss in the metal casting industry.

3.6.1.Metal shrinkage

It is convenient to distinguish four different types of volume changes: liquid contraction,
solidification, sold contraction and solid state transformations, Figure 3.2.

Figure 3.2: The solidification and cooling Figure 3.3: Casting constraint. Arrows indicate points where
processes of an alloy. free volumetric contraction of the casting is not permiife
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1. Liquid contraction

The contraction occurring from the pouring temperature to the liquidus temperature is rarely a
problem in casting. As long as the liquid level of the ingate system is above the level of the casting,
the liquid contraction withinhe latter will be easily compensated.

2. Solidification shrinkage

As the liquid metal cools down and reaches the liquidus temperature, it starts to solidify. This means
that the randomly distributed atoms of the liquid start to arrange themselves acdordet-

defined patterns, scalled crystals. The formation of a solid crystal is always accompanied by a
change in molar volume, for pure metals usually a dectete therefore talk about solidification
shrinkage. Some typical values for solidificatghrinkage are given in Table |

Table 1. Overview of volumetric solidification contraction for various metal casting alloys.

Material Volumetric solidification| Material | Volumetric solidification
contraction, % contraction, %

carbon steel 25t03 Cu-30%2n 4,5

1% carbon steel 4 Cu-10%Al 4

white iron 4 to5.5 aluminum 6.6

gray iron -2.5 (expansion) to 1.6 | Al-4.5%Cu 6.3

ductile iron -4.5 (expansion) to 2.7 | Al-12%Si 3.8

copper 4.9 magnesium 4.2

zinc 6.5

It is seen that for graphitic cast iron expansieay occur during solidification. This is because the
graphite formed during solidification has a lower density than the liquid from which it is formed.
Gray and ductile iron expand during solidification because of graphite precipitation, and when poured
in non -rigid green sand molds an additional 15% feed metal requirement above that needed to
satisfy the calculated liquid and solidification shrinkage may be required. Solidification shrinkage
can also be compensated through liquid feeding from the .ridersever, since feeding channels

may be interrupted during solidification before all parts of the casting are fully solid, local shrinkage
cavities may occur.

3. Solid contraction

By solid contractionalso calledoatternmaker shrinkage, we mean the changaolar volume of a

material when its temperature changes. In general it means that the molar volume decreases (and the
density increases) as the temperature goes down. The amount of volume change is given by the
coefficient of volumetric thermal expansi/ contraction,

V.1 a1
VO |T ( . )
which in one dimension is related to the elongation according to:
"L .1 1
D —~— =
LO IT |T (3'13)

7TKH FRQVWDQW RI SURSRUWLRQDOLW\ . LV FDOOHG WKH FRH
expreses how much relative deformation the body experiences when exposed to a temperature
change of one degree if allowed to contract or expand fréelybody, e.g. a casting, is unrestrained

and it will contract an equal amount (proportional to the tenweradrop) uniformly in all three
GLUHFWLRQ WKHQ LW DSSOLHV WKDW . 7TKH VROLG FRQ\
corrections to the dimensions of the pattern used for making the mold. It is apparent that because of
liquid and solidificéion shrinkage a mass deficit may result in certain regions of the casting. This
mass deficit translates into shrinkage cavities that may cause rejection of the castings. Therefore, it is
important to understand and control the feeding of all regions &6 deficit.
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Linear (solid) contraction according Exj. 3.12will, however, only act upon the parts of the casting
which are unconstrained, i.e. allowed to shrink freely. In many cases the mould or the casting itself
will prevent this, see Figure 3.3. The result will be a gradual buyfléf internal stresses, resulting in
plastic deformation, cold cracking or residual stress. More on this topic will be given in section 3.7.3.

4. Solid state transformations

At certain temperatures, the atoms of some solicttires tend to rearrange themselves in order to
decrease their energy. These solid state transformations have a great impact in many ways; e.g.
volume changes, residual stresses and change of mechanical properties and are therefore very
important to undestand and also to control. The controlling parameters are mainly composition and
cooling rate. More on this topic can be found in devoted literature.

3.6.2.Feeding—the five mechanisms

By feeding, one usually means that liquid metal should be supplied andontadsto areas in the
casting suffering from a lack of material due to the solidification shrinkage. Campbell distinguishes
between five different feeding mechanisms, some of them involving solid material and acting during
different stages of the solidifation processThe feeding mechanisms are summarizeBigure 3.4

as suggested by CampHefbr alloys with a freezing range.

Figure 3.4: Schematic representation of the five feeding mechanfsms

In order to analyze the feeding, thecadled feedig velocity, Vi, is introduced and it is defined as
the average velocity of the mass moving to fill the mass deficit. It can be expressedfad/V+ fg
Vs, where \d and \{ are the velocity of the solid and liquid, respectively.

During liquid feeding which is the most “open” feeding mechanism and generally occurs before the
beginning of solidificationfs = 0 and thusv; = V.. Inadequate liquid feeding is often seen to occur
when the feeder has inadequate volume. Thus liquid flow from the feeder tesnealy and
subsequently only air is drawn into the casting.

When solidification starts, solid particles (grains) form in the liquid. As long as these particles are not
in contact with one another, that is wherxffs”, it may be assumed that the dathoves with the

liquid (Vs = V.), and the metal behaves like a slurry (seoiid). Its relative viscosity is increased
(fluidity is decreased). Because of this increased viscosity, dorérsg(semisolid)feeding,the flow

velocity (of the slurry) decrsas toV; < V.. This movement of the slurry is arrested when the
volume fraction of solid reaches anywhere between 50 and 100%, depending on the pressure
differential driving the flow, and depending on what percentage of dendrites are free from points of
attachment to the wall of the casting.

As solidification proceeds, dendrite coheareirfi.e. a rigid network of contiguous dendrites) will
occur when §< &, and a fixed solid network will form. Then, since ¥ 0, the feeding velocity
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becomes/; = f_ -V, meaning a further decreaisefeeding. Onlyinterdendritic feedings possible at
this point.

If a part of the casting is cut off from feeding possibilities by a solid barrier, the hydrostatic tension in
the remaining liquid of this region will increase dramatically. At a certain amount of tension, the
solid barrier may burst, letting metal into the formerly cut off region. This is chillest feeding

Burst feeding is very hard to predict since it depends upon the relation between the amount of
hydrostaic tension and the strength of the solid barrier, quantities which are difficult to estimate.
Nevertheless, it is important to know that it may occur.

Solid feedings related to burst feeding in a way that the gradual lugldf hydrostatic tension ima

isolated liquid region deforms the surrounding solid shell inwards. The solid shell does not, however,
burst but compensates the solidification shrinkage by decreasing the size of the entire casting, i.e. the
surrounding solidified shell is being sucked inwards by plastic or creef fitws inward flow of the

solid relieves the internal tension, like any other feeding mechanism. For effective feeding to occur
during solidification four main requirements must be satisfied. They also must be fulfilled
independently; if one is neglected, no matter how carefully the feeding system is designed in other
respects, the result will be an unsound casting:

x a feeding source (riser) that solidifies after the region to be fed must be avdikdile¢ransfer
requirement;

x sufficient liquid must be available to feed the shrinkagéime requirement;
X unrestricted feeding channels (path of flow from the feeder to the shrinkage);
x sufficient pressure on the liquid to make it flow toward the shrinkage region.

These four feeding requirements will be briefly discussed in the next section.

3.6.3.Feeding requirements

It has already been mentioned that most of the commercial ferrous affdrmous cast alloys
experience volumetric shrinkage during solidification. Additional volume atemu occurs during
cooling of the liquid metal after pouring. These contractions will create internal unsoundness, i.e.
porosity unless a riser of liquid metal reservoir provides liquid feed metal until the end of the
solidification process. The riser alserves as a heat reservoir, creating a temperature gradient that
induces directional solidification. Without directional solidification, liquid metal in the casting may
be cut off from the riser, resulting in the development of internal porosity [reerBdl, 11, (Kotas

et al. 2010)]

X Heat transfer requirement

To be effective, a riser should continue to feed liquid metal to the casting until the casting has
completely solidified. Thus, the riser must have a longer solidification time than the cSsticey.

the critical factor affecting solidification time is heat loss, minimizing heat loss from the riser is an
important consideration. It has been shown that the solidification time of any solidifying body is
controlled by its ratio (volume)/ (coolingudace area), known as its modulus,i.e. Chvorinov’'s

rule. Thus the problem of ensuring that the feeder has a longer solidification time than that of the
casting is simply to ensure that the feeder modulus harger than the casting modulus ffo alow

a factor of safety, particularly in view of the potential for errors of nearly 20 per cent when
converting from modulus to freezing time, it is hormal to increase the freezing time of the feeder by
20 per cent, i.e. by a factor of 1.2. Thus the Mreasfer condition becomes simpfy

M;> 1.2 * M, (3.14)

A sphere represents the maximum volubmsurfacearea ratio and therefore freezes at the slowest
rate according to Chorinov’s rule. However, spherical risers present molding problems. A cylinder
with a heightH, equal to its diameter,,Ds the typically recommended riser geometry, since it is a
simple, easily moldable shape having a high volume to susi@aeratio. The modulus of a feeder
can be artificially increased by the use of an insulatingexothermic sleeve. It can be further
increased by an insulating or exothermic powder applied to its open top surface after casting.
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X Masstransfer (volume) requirement

At first sight it may seem surprising that when the first requirement is satisfied then the volume
requirement is not automatically satisfied also. However, this is definitely not the case. Although a
feeder may have been provided of such a size that it theoretically would contain liquid until after the
casting is solid, in fact it mayibtbe too small to deliver the volume of feed liquid that the casting
demands. Thus it will be prematurely sucked dry, and the resulting shrinkage cavity will extend into
the casting. Figure 3.8lustrates that normal feeders are relatively inefficient in the amount of feed
metal that they are able to provide

™S

Riser
insulation

(@) (b) (©) (d)

Figure 3.5: Metal utilization of feeders of various forms molded in sand. The numbers represen
volume in percent of total volume, Figure adagat from Beele}:

This is because they are themselves freezing at the same time as the casting, depleting the liquid
reserves of the reservoir. Effectively, the feeder has to feed both itself and the casting. We can allow
for this in the following way. fZH GHQRWH WKH HIILFLHQF\ 0 RI WKH ITHHC(
available feed metal) / (volume of feeder,)\then the volume of feed metal is, of course, P If 9

the solidification shrinkage of the liquid isduring freezing, then the feed demamdni both the

feeder and casting together is .V} and hence:

HV: EV:; V. (3.15)
Solving for the riser volume yields

EV,

C

H—E (3.16)

Vi

It follows that the smaller solidification shrinkage of ferrous alloys reduces the feeder volume
considerably. For graphitic cast irons the value reduces even further of course, becoming
approximately zero in the region of 3.6 to 4.0 per cent carbon equivalent. Curiously, a feeder may
still be required because of the difference in timing between feed demand and graphite expansion.

x Feed path requirement

The third requirement amounts to efficient feeding channels. The efficiency of the feeding channels
is affected by the type of alloy as well as by the geometry of the casting. The type offalEyces

the width of the mushy zone (the solidification interval). Wide mushy zone allpyd§ > 110C)

that solidify typically with equiaxed grains, rely heavily on semisolid and interdendritic feeding.
Thus their feeding velocity is small and sigcdint difficulties are experienced in feeding the
numerous tortuous channels. The resistance to flow is relatively high. Alloys with narrow mushy
zone [ -Ts < 50°C), that exhibit columnar structure, rely mostly on liquid feeding, and therefore
their feeding velocity is high. They are calla#fin forming alloys

It is easy to appreciate that in normal conditions it is to be expected that there will be a limit to how
far feed liquid can be provided along a flow path. Up to this distance from the feedastihg wiill
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be sound. Beyond this distance the casting will be expected to exhibit porosity. Hence, the feeding
distance determines the number of risers needed. The feeding distance is always measured from the
edge of the riser to the furthest point in ttesting section to be fed by that riser. The feeding
distance depends in part on the temperature gradient, which is the change in the temperature per unit
length during solidificationFigure 3.6 illustrates how a steep temperature gradient facilitates th
feeding of a castirfg The shape of the solid skin surrounding the liquid metal varies with the
steepness of the temperature gradient during freezing. When there is no, or very shallow temperature
gradient parallel solidification fronts will move from the mold wall to the center of the casting,
Figure 3.6(a) The flow of liquid metal is gradually restricted, because liquid feeding is gradually
replaced by interdendritic feeding. Eventually the feeding channel will be closed and porosity, known
as dispersed centerline shrinkage, will occur between the dendrites. In the case of a solidifying wedge
(Figure 3.6(b)); a steep temperature gradient from the center to the edge of the casting exists. Steep
gradients provide open, more accessible feeding passagbguaashdeeding is possible until the end

of solidification, seePapers Il andlll in the supplements of this work. There exists a critical
tapering angle for the liquid pool feeding the solidification shrinkage. For liquid pool angles smaller
than this dtical angle, centerline shrinkage will form in the isolated pools of liquid that are cut off
from the feeding patfi The feeding distance also depends on the cooling rate of the steel during
solidification, and hence the section thickriés¥ For lar@ cooling/solidification rates (small
section thicknesses), the feeding distance is smaller because the velocity at which the feed metal must
flow to compensate for shrinkage is larger. Accompanying this larger feed metal velocity is an
increased pressure drop along the feed path, which in turn promotes the formation of p@osity

both the temperature gradient and the cooling rate are influenced by factors such as the section
geometry, pouring conditions, steel type and molding material, the feeding distance will vary with all

of these parameters.

(a) parallel solidification fronts (b) converging solidification fronts

Figure 3.6: Plate and wedgetype solidificatior?

There are two terms that are important to understand when considering feeding digtercasne
and end zoneConsider now the case of theshaped casting presented in Figure 3.7.

Figure 3.7: Directional (progressive) solidification in an L shaped casting resulting from increasin
temperature gradient from the extremitf the casting to the riser. Figure inspired by Stefans&cu
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Since the riser remains hotter than the casting section to be fed, it provides a temperature gradient
that facilitates feeding. The length over which ttéer effectacts to prevent shrinkagmrosity is

called theriser zone length, (RZLY he cooling effect of the mold at the end of a casting section also
provides a temperature gradient along the length of the casting section to be fed. This is called the
end effectand it produces a soundsting over the soalledend zone lengtfy (EZL). The feeding
distances are functions of RZL and EZL. In the long, horizontal part of the casting, parallel
solidification fronts due to shallow gradients converge toward the center of the plate, antireenter
dispersed shrinkage is to be expected, the grey afdgune 3.8. This is why criteria attempting to
predict the position of centerline shrinkage include the thermal gradient in their formulation.

(@) (b)

Figure 3.8: Toprisered plate (a) withend effect and (b) with lateral feeding. The plate is sound if (a) the
riser zone and the end zone extending from the right edge of the casting section are tangent or overlap and
(b) if the riser zones are tangent or overlap. The plate has centerlinenkage between these zones if they

do not meef.

Nowadays, numerical simulation tools are heavily utilized in predicting the effect of a casting design
on the solidification behavior of the casting with subsequent analysis of the casting defects which are
directly coupled to the solidification pattern. Figure 3%n example of how the geometry used in
Figures 3.7and 3.8 affect thermal gradients and subsequent formation of centerline porosity inside
the casting. Figure 3.9(ajmplies that the whole hatontal section, especially its central region does

not undergo directional solidification. The end zone is very short, leaving the major part of the
casting with very shallow thermal gradients. Eventually the residual liquid will be cut off from the
primaly feeding path from the riser and centerline porosity will form which is seen in the same figure
(b and c).
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«— Liquid

Mushy zone
(a) (d)
— Main shrinkage End chill
pipe
(b) (e)
Porosity
(©) ()

Figure 3.9: Numerical simulation of a solidification pattern and its effect on the defectrilisition, (a-c) no
chill, (d-f) with the end chill, (Kotas 2010).

Sometimes methods are used to increase feeding distalBnds.chills create an additional
temperature gradient and enhance the end zone length (and thus the feeding distance), but have no
effect on the riser zone length. The benefits of the end chill are shdviguire 3.9 (df). Obviously

the end chill enhances the cooling effect and increases the end zone length. Due to that steeper
thermal gradients will be induced in the central ptatgon, establishing directional and progressive
solidification and hence minimizing the extent of the porous regiiguire 3.9 (e and f) In order to

fully avoid the porous region, more adjustments would have to take place. For instance, the plate
shouldbe tapered towards the riser, the riser should be shifted to the right or chilling would have to
be intensified. The lateral feeding distance can be enhanced by the use of drad arélg chill

does not increase the riser zone length, but ratheugesaa temperature gradient that essentially
creates an end effect between the risers. An open feed path is also promotegédyyvehere the

section thickness continually increases toward the riser. In fact, a sufficiently large taper can result in
an nfinitely long feeding distance

The above concept is well described and documented in the work by Kotageft paper 11 and

Ill]. Figure 3.10highlights the effect of the solidification pattern on feeding efficiency of the top
riser. Due to inadeqte external cooling from the chills iRigure 3.10a, very shallow thermal
gradients were induced along the cylindrical section. The parallel solidification fronts gradually
restricted the flow of liquid to the lower sections, causing the complete isotstitive residual
liquid, Figure 3.10(b)which eventually transformed into shrinkage porosity, Figure 3.10(c)
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(@) (b) ()

Figure 3.10: Negative effect of the solidification pattern on thermal gradients leading to porosity formation in
the casting, [ref. Paper Il, (Kotas et al. 2010)].

On the contrary, when adequate cooling is established due to the new chills around the cylindrical
section, directional and progressive solidificatiowdads the thermal axis and the riser is evoked,
Figure 3.11. It means that the solidifying front progresses towards upper areasshap®/ pattern

which is desirable mainly with respect to the elimination of multiple casting defleistsvill be dealt

with in detail in the section devoted to casting defects.

() (b) (c)

Figure 3.11: The effect of the intense cooling on the solidification pattern, on thermal gradients anc
porosity dimination in the casting, [ref. Paper Il, (Kotas et al. 2010)].

X Pressure gradient requirement

Although all of the previous feeding rules may be met, including the provision of feed liquid and a
suitable flow path, if the pressure gradient needed to dhaeskquid to flow along the path is not
available, then the feed liquid will not flow to where it is needed. Internal porosity may therefore
occur. A fluid flowing down a channel will experience various resistances against its motion. For a
feeding liqud the important resistances will be offered by friction against the mould walls, the
viscosity of the liquid itself and gravitational forces. The force which has to overcome all these
resistances is the metallostatic pressure. The friction against the waluis usually low as long as

no solid is formed. When the solid phase starts to grow, the feeding path narrows down and the
pressure gradient increases. The feeding is now very much dependent on whether the alloy solidifies
in a eutectic or a dendritimode. Eutectic growth is accompanied by smooth walls of the flow
channel while dendritic growth exhibits a rugged surface with great resistance to fluid flow.

54



The viscosity of the liquid is mostly dependent on the presence of equiaxed grains. At pouring, the
viscosity corresponds to that of water but as the content of the solid phase increases it becomes more
like porridge or paste. For both dendritic and eutectic alloys the amount of equiaxed grains depends
on the temperature gradient in such a way théiatagradient promotes equiaxed growth. This
explains why permanent mould castings are easier to feed.

The gravitational force constrains the feeding system design in a way that a feeder can never feed a
higher located part of the casting, unless theifgeslystem is pressurized in some way. The feeder
should therefore be positioned well above the casting regions it should feed. It is also very important
to preserve the atmospheric pressure inside the feeder when the liquid level starts to sink. Both of
these conditions are fulfilled by an open riseeeFigures 3.93.11. This type of a riser is usually
placed at the top or the side of a casting with its upper surface open to atmosphere. A valuable feature
of such risers is their function in venting theurd cavity during pouring. The principal disadvantage

of an open riser is the heat loss to atmosphere by radiation: in the absence of insulation the exposed
surface is susceptible to premature freezing, with corresponding loss in feeding eftidetype of

blind risers will be ineffective unless placed in such a position that metallostatic pressure is available
for feeding. Blind risers required for the feeding of sections at lower levels are usually modified to
exploit the atmospheric effect for feeding, thecaledatmospheric blind riserThis can be done by

using an atmospheric vent, a type of a porous' core general arrangement of such a Hsathown

in Figure 3.12.

After casting, a solidified shell of metal forms round the periphery of the entire mould cavity, the
gating system having become sealed off due to its relatively small sgossn area. As the
remaining liquid continues to coatt and a partial vacuum is created, the solid envelope will
puncture at its weakest point which, due to the slow rate of freezingatrest angles in the casting
surface, is at the end of the puncture core. Atmospheric pressure is thus broughhtthaditquid,

creating the conditions for feeding to an appreciable height. Even though Beeley in Rigdbatsk

out that “atmospheric blind risers can feed to a height considerable greater than that of the head itself
where gravity is opposed to feedinafter talking to quite a few foundry men, the general conviction

is that atmospheric blind risers can feed well to approximately 2/3 of their higighey are well
“ventilated”. Some foundry engineers even follow a theory; always try to rearrangeasiing so

that blind risers can be avoided. If an atmospheric vent is not used, this could have dramatic
conseqguences in some casting geometries. When a solid shell has formed, the pressure inside the
feeder will significantly decrease. If at the same time, there is contact between liquid and the sand
mould in some part of the casting which is to be fed; it could lead to a situation where the feeder is
fed from the casting.

Hydrostatic
pressure opposing
feeding
Puncture
cQres Atmospheric

pressure assisting
l l feeding

Atmospheric
blind riser

Figure 3.12: The principle of atmospheric blind risers usedsteel castings, (Kotas, 2010).

55



The casting irFigure 3.12is an additional example from industry how improper rigging and casting
arrangement can lead to an improper, i.e. diogctional, solidification pattern, induce low pressure

and thermal gradienennd hence promote solidification related defects, i.e. centerline porosity. Due to
the inability of the top riser to feed the entire height of the casting and due to missing chills that
would split the feeding zone, progressive solidification could nge Heeen established and thus
solidification propagated only from the casting walls inwards eventually choking off small liquid
pools almost over the entire height of the casting. These isolated pools did not have a chance to
compensate for the volumetric shrinkage during the temperature drop which resulted in centerline
shrinkage in the problematic area, Begure 3.13. A remedy, which is seen in a work by Kotas, is an
addition of new chills to divide the feed zones into smaller regions to increaseitieneff of the

risers, and addition of a second row of atmospheric blind risers.

Figure 3.13: (left) Temperature distribution in the steel crusher roll shell, causing shallow thermal gradients
in the vertical section (middle), and centerline porosity as a consequence (right), (Kotas, 2010).

An alternative to the casting arrangemerftigure 3.12 could be the one Kigure 3.14. In this way,
one could replace the blind risers only with open risers. However, the casting yield would decrease
substantilly and machining costs would increase.

Figure 3.14: An alternative solution if blind risers should be avoided. However, the casting yield wil
substantially increased, (Kotas, 2010).
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3.6.4.Risering procedure

It must be emphasized that this sectiors visighly inspired by a brochurd-eeding & Risering
Guidelines for Steel Castingsf the Steel Founders’ Society Amerita

The risering of steel castings should proceed in a systematic manner. The first step is to represent the
casting as a collectionf gimple, platdike sections. Representing the casting with simply shaped
sections allows for the calculation of the solidification modulus, i.e. Chvorinov's rule (vdétume
surfacearea ratio) for each casting section. Although, Chvorinov’s rule campgige not only to
platelike sections, but also to cylinders and spheres. As already mentitredarger the
solidification modulus, the longer the solidification time. If a casting section has a larger modulus
than all of the surrounding casting secspit will still be solidifying after the surrounding sections

are completely solidified. The last region to solidify in such a casting section is termed a hot spot
Once the hot spots in a casting are identified, a riser must be placed adjacent m spoh [ his

ensures that feed metal will be available to feed each hot spot until solidification is complete.

The reason that the collection of simple sections used to represent the casting shouldike islate-

that the risering rules presented irstanual were developed for simple, pliite shapes. Thus, it

is necessary to use such shapes in order to apply these rules. Once this has been accomplished, the
edges of each casting section with and without the benefit of end effect must be identied

feeding distance between a riser and an edge without end effect should be calculated as a lateral
feeding distance (LFD), instead of as a regular feeding distance (FD).

Once the casting has been represented with a collection ofipdatdapes, t feeding zones of the
casting must be identified. A feeding zone is a solidifying region of the casting that solidifies in such

a manner that it must be risered separately from the rest of the casting (a region containing a hot spot
is an example of a fdeng zone). A feeding zone may require more than one riser to feed it,
depending on the feeding distances involved. Feeding zones can be identified by their solidification
moduli (V/A ratio). Sections with the smallest solidification moduli will solidifgst; and might
therefore divide the casting into distinct feeding zones. Sections having larger moduli will require
feed metal until the end of solidification. Risers must be added to such sections to prevent shrinkage
during the final stages of solidifiion. Feeding zones for simple castings might be the simple; plate

like parts that make up a casting. This is not always trivial for complex castings.

Once the feeding zones have been identified, a feeding path must be determined for each feeding
zone. Rgions of the casting where sufficient taper and directional solidification exist must be
identified. Such regions need not be considered in determining the feeding distance.

Also, for such cases, there is no end effect in determining the feeding distaecprinciple of
directional solidification should be considered in placing the riser. The feeding path should be
identified so that it proceeds from the first region in the feeding zone to solidify to the last region to
solidify. The riser should be plateat the last position along the feeding path to solidify. Ingates
should be placed so that the metal enters below top risers, and always through side risers.

The final step prior to calculating feeding distances and riser sizes for each feeding aahefirset

the feeding dimensions. The feeding dimensions of the section to be fed are the length L, width W,
and section thickness T. Two examples of a section with L, W, and T indicated are slioguren

3.15. As shown in this figure, a feeding zone and a feeding path must be identified in order to assign
risering dimensions.
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Figure 3.15: Dimensions for casting sections fed by (a) a top riser, and (b) a side riser (adapted from [1

To summarize, the recommended procedure for risering steel saisting

(a) Representation of the casting as a collection of simple, pldike shapes
X locate hot spots, and place a riser on each one
x for each platelike shape, determine edges with and without end effect

(b) Determination of feeding zones, feeding paths and feeding dimensions
(c) Determination of feeding distances
(d) Determination of riser sizes

Obviously, this procedure is to be followed when designing an initial casting and risering layout. All
of these aforementioned steps should be considered gatted regardless of the circumstances, as
they have been thoroughly analyzed and verified by many fotortigted researchers over the
years, and successfully applied by thousands of foundry engineerswigeldThey are not just
some rules of thumb.

Today's generation of foundry engineers has been very fortunate in that numerical casting simulation
tools, which are based on various complex physical models, are readily available to assist and help
during a design stage. For those who are familiar withemical casting simulations, there is no need

to manually split the casting into simple shapes and calculate solidification times for each of them
whatsoever, since the numerical tool does it for them in a few minutes. Afterwards, it is very simple
to thoioughly investigate a thermal behavior of a given casting in a search for potentially critical
areas above which a riser(s) or a chill(s) should be placed. It is also feasible to evaluate the feeding
efficiency of separate risers meaning, how far and for how long they are able to supply the necessary
hot melt to compensate for volumetric shrinkage. Moreover, information on subsequent defects
occurrence, based on the thermal analysis, is also provided to users of any given numerical casting
devoted tool.

Last when casting simulation and numerical optimization tools are coupled, the entire procedure for
risering steel or any metal alldbased castings can be fully automated. A potential outcome of such

an automated procedure would be proposals for the mastabpiser shapes and their location,
positioning of chills or insulation, which would yield a totally sound cast part. The truth is, that a
skilled and experienced foundry engineer, who knows the physics and understands all the complex
and coupled physit@henomena behind the foundry processes, is still highly demanded to properly
define and set up each project, but above all to be capable of interpreting and assessing the results
and proposals provided by the numerical solver as to their applicability to real production.
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3.7.Casting Defects

3.7.1.Introduction

Compared to forming processes, solidification of a melt can produce very complex shapes in a single
operation, thus limiting the number of subsequent joining steps. However, this major advantage is
offset insome cases by the formation of defects, which may prevent the use of castings for high
integrity automotive parts, such as suspension arms, or aircraft components. Among those defects,
porosity and hot tears are the most serious. They are both inducdddayoh feeding of the mushy

zon€e®, i.e. the zone where solid and liquid phasesxist. Ultimately, these voids can initiate
premature fractures or at least compromise mechanical properties signiticEntly

In the case of porosity, the volume chang associated with solidification shrinkage. In most
materials, the liquid is less dense than the solid. The difference in density in turn requires a flow from
the liquid, through the mushy zone to the regions where final solidification takes place. The pressure
decreases with distance into the mush, due to viscous losses, and if the pressure loss is large enough,
a pore might nucleate and grow?’. This type of porosity is often referred to as shrinkage porosity
because it occurs deep in the mushy zone and is primarily induced by the density difference.

Such pores become filled by gaseous elements that come out of the melt. Among those elements,
hydrogen is the most important one in metallic alloys. Hydrogen becomes dissolved in the melt from
the reacthn between the melt and water either adsorbed at the surface of the mould or simply
contained in the air, thus leading to the formation of oxides and hydrogen. Other gases are also
important in some alloys. If the composition of such gaseous elementsrimethis high, voids can

form fairly early in the mushy zone, and this is referred to as gas porosity. Although the pore
morphology and the main mechanisms leading to their formation are quite different, both types of
porosity are described using the sagogerning phenomena and equatfns

In the case of hot tearing, the volume change is associated with strains in the partially coherent solid,
which add to solidification shrinkage. These strains are induced by the contraction of the solid in a
thermal gadient and are localized at the weakest parts of the mushy zone, the grain bdandaries
Although the equations governing both defects are similar, the topic of hot tearing is presented
separately.

Another problem encountered in solidification process#isnhomogenity of compositions at large
scale, known as macrosegregatiotndeed, such defects cannot be eliminated after solidification
since they involve solute diffusion at long range and thus very long homogenization times (typically
a few centues for diffusion distance on the order of 10cm). Although the melt itself usually has a
uniform composition, microsegregation at the scale of the microstructure induces local variations of
the concentration. If the enriched or depleted liquid moves wsihecs to the solid, it leads to a final
average composition that differs from the nominal one. Among the various sources of
macrosegregation, four main mechanisms are generally distinguished: solidification shrinkage,
natural or forced convection, graird#mentation and deformation of the séfid

3.7.2.Porosity

The soundness of the casting depends on uninterrupted flow of liquid metal to the region that
solidifies to feed the mass deficit resulting from solidification contraction. Failure to feed the mass
defidt will produce shrinkage defeéfsreferred to as porosity. There are many types of porosity and

thus they cannot be all addressed in detail in this work, only the most severe, miscroporosity will be
the subject of this chapter. For more detailed armlg§iporosity see for example the books by
Campbelt or Frederikssdh Only a brief classification and definition will be given, $égure 3.16.

Shrinkage defects that are open to the atmosphere, also called shrinkage cavities are a consequence of
metal contraction while cooling in liquid state and during solidification. This defect is a s@ads0-

defect that can be also termed macroshrinkalgee mass deficit produced by this shrinkage is
compensated by atmospheric gasses, a process that is independent of the gas content of the metal anc
which does not require gas pores nucleation and growth. On the contrary, closed shrinkage defects
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correlate well with pores nucleation and growth in the mushy zone or the amount of bifilms, and thus
seem to depend on thepurity level and the amount of gas dissolved in the metal. They can be
eithermacroporosityor microshrinkagemicroporosity) defecfs In summary, shrinkage cavities are
driven only by metal contraction (shrinkage flow) while shrinkage porosity ierdidy both metal
contraction and pore nucleation and growth or bifilms gréwth

Figure 3.16: Definition and classification of shrinkage defects, adapted from Stefanscu

From this analysis it is apparent that the accurate prediction of shrinkage foaviation must be
based on threphase (liquid, solid, and gas) mass conservation, coupled with energy conservation.
To include casting distortion, stress must be also modeled.

Microporosity, which will be discussed in this chapter, has a strong neggfect on mechanical
properties, especially on ductility and fatigue life, because internal pores act as local stress
concentrators and crack initiation sites. In many instances the appearance of the pore is not spherical
but follows the dendrites shaf&oth, the size and the shape of the microshrinkage are important. As
the solidification time increases the secondary dendrite arm spacing intredsesd so does
porosity. This trend is well captured in Figure 3fbr the case of an aluminubrased, i.e. AlSi9Cu3

alloy, highpressure die cast part. In areas where the solidification time is the longest, the
microstructure is the coarsest and the severity of microporosity is the largest. Obviously, the same
trend could be seen in all castings regardbésscast alloy and size.

7\

/

Figure 3.17: Left: Cut through the casting solidification pattern indicating areas which solidify the last,.
Middle: cut through the casting -SDAS distribution after the casting process, the coarsest microstructure is
found in areas solidifying the last, Right: Microporosity is the most pronounced in areas solidifying the last
transparent and yellow areas signify the porous regions inside the casting, [ref. Paper I, (Kotas et al., 2!

In addition, the fatigue strength and ductility also decféasewell-degassed melts, microshrinkage
takes the shape of the interdendritic liquid that remains just before eutectic solidification, see Figure
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3.18, and the stress concentration factors resulting from these shapescardigher than for
spherical porés

The present understanding of microporosity formation is that metal flows toward the region where
shrinkage is occurring until the flow is blocked, either by solid metal or by a solid or gaseous
inclusion. Recent numieal models assume that when a gas pore appears in the mushy zone during
late solidification, after dendrite coherency, it is entrapped in the dendritic network. When the metal
flow toward the solidification front is blocked, the pore becomes the starting point of microshrinkage.
Thus, microshrinkage formation depends on the nucleation and growth ofpoie®-This concept

can be understood from the analysis of the local pressure which will be given later in this section.

Figure 3.18: (a) Optical mirograph of (b) SEM image; unmodified ASSi alloy’.
interdendritic micro- shrinkage in Sb refined
Al-Si alloy.

One could thus state that there are two main causes of microporosity in ca$iimgsge porosity

due to the volume change upon solidifieatcombined with restricted feeding of liquid to the final
solidification region; andjas porosity due to the condensation of dissolved gases in the melt upon
freezing, as a result of the difference in solubility of such gases in the liquid and sal&s$.phae

two types of porosity manifest themselves in different ways: where they form in the mushy zone,
their morphologies and the extent to which they interconnect are quite distinct. Dantzig and’Rappaz
give a very nice description of both of the dédedhey conclude that gas porosity forming early in
the mushy zone, is associated with a certain gas precipitation and is nearly spherical because it grows
in a fairly open dendritic network. In contrast to gas porosity, shrinkage porosity forms daep in t
mushy zone in fairly large solidification interval alloys. It is induced primarily by the difficulty to
provide shrinkage flow required by the final solidification of a solid phase that is denser than the
interdendritic liquid.

Both types of porosity involve the nucleation and growth of pores, in one case due mainly to the
evolution of dissolved gases, and in the other as a result of failure to feed solidification shrinkage.
Although the two types each have different morphology, both can be describgdhgssame set of
governing equations to determine the pressure drop in the mushy zone associated with liquid feeding
and the segregation of dissolved gases. These governing equations are based on the extended mas:
conservation equation, derived in chapei.e.Eq. 2.3 where a compressible phase is how present.

W -y o (3.17)
w

The density rho is averaged over the various phases:

U o UYogs Yg, (3.18)

Whereg stands for volume fraction of the given phase and the subscriperg tefthe pore. When
the density of gaseous phases is neglected and the average mass flow is expressed (also neglecting
the mass transport associated with the gaseous phase) as:

U  You  Ugug (3.19)
the following expression is acquired:
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The first term on the left ikq. 3.20represents the change in density due to the combined effects of
solidification shrinkage and thermal contraction of the solid and liquid phases. This change in density
must be compensated byr¢e phenomena: void growth in the liquid (second term), inward flow of
interdendritic liquid (third term) or compression of the solid phase (fourth term). If the solid phase is
under a tensile load, arising for instance from external constraints, void growth and interdendritic
flow must produce additional compensating volumes, which can lead to hot tears, as discussed in the
dedicated section. Three cases are illustrateBigare 3.19 the compensation of shrinkage by
interdendritic flow in (a), void formtion in (b) and the additional effect of tensile strains in (c).

R (s T VI /(¢ INVIRR ¢ (3.20)

(@) (b) (©)

Figure 3.19: (a) solidification occurs between times t (dashed interface) DQG W adw VROLG O
compensated by liquid flow along theaxis. In (b), solidification shrinkage is compensated by pore growth
alone. In (c), tensile strains on the dendrites perpendicular to the growth direction add to the solidification
shrinkage to induce more flow. Figure adapted frém

In this chapter the focus is on porosity ignoring strains in the solid for now, to be taken up again in
the section devoted to hot tearing. The mass conservation equation then reduces to

wd Y
v w

There are two unknown fields in this equation, the pore fractjon ) and the velocity field ix, t).
We treat only the case of fluid flow in the mushy zone without pore formation. The pore formation is
not considered here, for more infeation on this topic, refer to Dantzig and Rappaz

g, 0 (321)

3.7.2.1. Flow through the mushy zone and pressure drop

The mushy zone is a region where solid and liquid phases coexist as a mixture. As long as the
equiaxed dendrites are free to flow with the liquid, it may be assumed that the flow velocity is
affected only by the change in viscosity. However, when dendrite coherency is reached and a fixed
solid network is formed or if the dendrites are columnar, the flow will be considerably influenced by
the morphology of the mushy zone. In most solidification models, the flow through the mushy zone is
treated as flow through porous media and Dardgig is used for its mathematical description.
Darcy’s law, Eq. 3.22, relates the velocity to pressure’drop

K dP

— 3.22

rg, dx (3:22)
whereu; is the liquid velocity in the mushy zone (i.e., shrinkage velocity)s ¢he liquid volume
fraction, | is the dynamic viscosity of the interdendritic liquidjsPthe melt pressure, andscthe
spatial coordinate, as indicatedrigure 3.20, and Ks the specific permeability of the mushy zone.
Darcy’s law is valid under the following assumpti@ns

. Slow flow (u; : 0); this allows ignoring inertial effects
. Steady flow
. Uniform and constant volume fraction of liquid
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. Negligible liquidliquid interaction forces
3.7.2.2. Centerline porosity - The Niyamacriterion

In modeling of casting processes, specidkda have been developed to indicate areas of the casting
where particular problems, e.g. shrinkage, hot tears or mould erosion, can be expected. A very
important part of the solidification analysis is the evaluation of the feeding efficiency. Several
criterion functions have been suggested for that purpose. A criterion function based on only the
temperature gradient for predicting centerline porosity was suggested by Padliearly as in 1953.

Later on, in 1982, this criterion was improved by Niy&may comparing the results of
solidification simulations and observations of centerline shrinkage problems in steel castings, Niyama
and coworkers were able to relate the development of centerline shrinkage to the temperature
gradient and the cooling mtboth of which are assessed at a specified temperature near the end of
solidification, sed=q. 3.23.

. G
Niyama T (3.23)
-

Shrinkage porosity predicted by the Niyama criterion usually forms in the mushy region at high solid
fractions. At lowersolid fractions, the pressure drop which governs this type of porosity is negligibly
small. Therefore, in a casting simulation, the Niyama criterion is always evaluated at a temperature
near the end of the solidification interval.

With the help of the Niyaa criterion, it is feasible to predict the presence of centerline shrinkage
porosity, i.e. microand macrashrinkage in alloys with short freezing range such as steels, caused by
shallow temperature gradiehts® *! see alsdigures 3.10and3.13. Itindicates that in regions that
solidify quickly, there must be hot metal nearby to establish a high gradient to feed the shrinkage
during solidification.

Although at first appearance, the Niyama criterion may appear to be a purely empirical relationship,
it also has a physical interpretation. The model begins with Darcy’'s law, which relates the
interdendritic feedindlow velocity to the pressure drop across the mushy zone. Assuming that the
liquid and solid densities!{ and !) are constant during solidification, one can define the total
solidification shrinkage, i.e. the coefficient of volumetric expansion/contraction as in Eqg. 3.12, in
terms of these densities @& « & / . Using to simplify the D mass conservation equation

and then integrating the result, it can be shown that the shrinkage velocity throughout the mushy zone
is constant and can be expressed as u R, where R is the constant isotherm velocity (Figure
3.20) Niyama noted that thedtherm speed R is difficult to measure, whereas the cooling rate and
the thermal gradient are relatively easy. He therefore replaced R and expressed it in terms of the

temperature gradier®, dT/dx, and the cooling rat€, dT/dt. The cooling rate mainly depends

on the mould material and the air gap formed at the matald interface, which affect the rate at
which heat is extracted from the metal. The cooling rate during the time of solidification affects the
grain size. Thelwinkage velocity in the mushy zone can then be written as:

u R ,% (3.24)
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In words, the microscopic velocity of the fluid in the
mushy zone is uniform under steady state conditions and
only the superficial velocity, u, g,, which is

proportional to the mass flow rate, vaffe§he flow rate
attains its maximumear the liquidus temperature, since it
has to compensate for the shrinkage of the entire mushy
zone. As one moves deeper into the mushy zone, part of
the flow has already been used to compensate shrinkage of
solid ahead of this location, leaving only tfiew to
compensate for the remaining part of the mushy zone.
After deriving this expression, i.e. Eq. 3.24, Niyama used
Darcy’s equation to write an expression in terms of
pressure. Inserting Eq. 3.24 into Eq. 3.22, yields

X
dP R £y, (3.25)
dx KG

Figure 3.20illustrates that, as the solid fraction increases,
the melt pressure decreases from the value at the liquidus,
Piq, down to some critical pressure,,Pat which point
shrinkage porosity begins to form. For convenience, the
critical pressure 4 RS FDQ EH GH3IPQHR;. DV (3
The pressure at liquidus is simply the sum of the ambient
pressure of the system and the local head pressure. The
critical pressure is determined by considering the
mechanical equilibrium necessary for a stable pore
exist. This equilibrium is given by the Youdgplace
equation as P = P, - P, where B is the pressure inside
the pore and Pis the capillary pressure. The capillary
pressure is given by 1 (UZKHUH 1 LV WKH V
tension between the pore and the surrounding liquid @and r
Figure 3.20: Schematic of a D mushy IS the initial radius of curvature at pore formation. For pure
zone solidifying  with constani  shrinkage, in the absence of dissolved gases in the melt,
temperature gradient, G, and isotherr the pressure inside the pores is negligibly small (due only
velocity, R. Figure adapted fron to the vapor pressure of the elementgha melt). With

Beckerman et. af? this, the YounglLaplace equation simplifies to
2V
P, P, = (3.26)
fo

Note thatEq. 3.26implies that the critical pressure is a negative number; this is reasonable, because
the surface tension must be overcome before porosity can form. Generally, the capillary pressure at
pore formation, R, is an unknown quantity, primarily because the initial radius of curvature of the
pores is unknown. Shrinkage pores typically nucleate heterogeneously freexigireg bubbles
associated with»ades, other inclusions, and small cavities in mold walls. The radius of curvature
when porosity forms is a function of the nature, size, and geometry of the nucleation sites, which in
turn are influenced by melt quality.

The point in space at which shrinkage porosity begins to form can be determined by integrating Eq.
3.25 over the mushy zone from the critical point to the liquidus, assuming that the viscosity,
temperature gradient, and cooling rate are constant over the interval being considered. After
performing necessary integrations and modifications, the final expression is obtained:

X
] Pcr R @' TCr ’“l M (3. 27)
K G2 Niyama

64



where 0 3, g and G ¢ are the critical pressure drop over the mushy zone, critical liquid fraction
and critical temperature interval which the melt pressure dropsRg and porosity begins to form,
see Figure 3.20. This inverse relationship shows that the pressure drop increases as thealigama
decreases. If an assumption is made that porosity forms at a critical pressurbetrdhist critical
value is more likely to be exceeded when the Niyaahae is smatl

By comparing experimentally observed shrinkage porosity patterns ipsteabtcylinders to
corresponding casting simulations, Niyama et al. discovered that, indeedvieer threshold value

of Niyamabelow which shrinkage was typically present. When the Niyeahee decreases below a
critical value, small amounts of mieehrinkage begin to form. As thdiyamavalue decreases
further, the amount of micrehrinkage inagases until it becomes detectable on a standard
radiograph. This transition occurs at a second critical value. Both of these threshold values are
heavily dependent on the composition of the alloy and in some cases on the casting process
conditions. For ingnce, it has been experimentally found; see the encReger |11, that for low

carbon steel cast alloys, the second critical value below which the centerline porosity becomes
apparent on the radiographs is approximately 0.85A comparison of experim&al and numerical

results is seen iRigure 3.10 (c)and in Figure 3.21.

While the presence of the temperature gradient in Eq. B23ot surprising, and implies that
shrinkage porosity will form in regions of low, @&e presence of the cooling rate hie dlenominator

may at first seem counterintuitive. The Niyama criterion predicts that shrinkage porosity increases
with increasing cooling rate, because the feeflmg velocities and the resulting pressure drop
across the mushy zone are higher for higledidification rates. In other wordgw gradientimplies

that even if liquid metal is available at a neighboring region, there is insufficient thermal ‘pressure’
for the flow to actually take place, while high cooling rate implies that even if liqutdl raad
sufficient gradients are available, the time available is too short and the liquid metal freezes before
reaching the hot spot. It follows that the beneficial effect of a chill, for example, is due to the increase
in the temperature gradient theltprovides; the concomitant increase in the cooling rate near a chill

is actually counterproductive with regard to avoiding shrinkage potosity

Figure 3.21: Prediction of the centerline macro/micro shrinkage and its experimental validal
obtained fom the foundry. The cyan color indicates regions with the Niyama value below 0.45,
Paper lll, (Kotas et al. 2010)].

As already mentioned, Niyama applied a few simplifications in his pressure drop and centerline
porosity calculations. One of them svan assumption that the permeability of the mushy zone is
proportional to the fraction liquid, i.e. K =.. However, measurements of the permeability of alloys
show that the data fit the Kozer@arman modél given in Eq. 3.28:

97
K K,—— (3.28)
“a g)?
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Where, as a first approximatiofg 180 in which @ is the secndary dendrite arm spacing

(SDAS).Eqg. 3.28indicates that when the arm spacing is large, it leads to a large permeability of the
mushy zone and low porosity. As the SDAS decreases, i.e. the grains are getting finer, which is
usually associated with increasing cooling rate, the resistance to feeding flow is increased and thus
the likelihood of porosity formation is higher. However, the porosity will not be centralized but
distributed all over the casting forming very small voids. So, what is commonly elssrthat, the

total pore volume is increased but the even distribution of very small pores will actually lead to
increase in mechanical properties of the given casting. This phenomenon is very typical when
modification of cast alloys is appli&d®

In essence, one could thus argue that the original Niyama criterion accounts for thermal conditions,
i.e. cooling rate and thermal gradient, but it does not account for the effect of the thermal conditions
on the SDAS, which can significantly affect theuldag pore volume. If proper modifications are
done, the “modified” Niyama criterion can easily account not only for the local thermal conditions
considered by the original Niyama criterion, but also for the properties and solidification
characteristics fathe alloy (, 4, 7and ,) and the critical pressure drop across the mushy zone

0 3.. The difference from the original Niyama criterion in the dependence on thermal conditions is
dueéssolely to the SDAS and the effect that this arm spacing has on the permigabiymushy

zone”,

The Niyama criterion was developed specifically for feediisgance related shrinkage in short
freezing range cast alloys such as steels, although, attempts have been performed by a research group
at the University of lowa to devel@dimensionless Niyama criterion, which would be suitable also

for long freezing range alloys based on aluminum or magnesium. Note that the Niyama criterion does
not explicitly predict hot spots in a casting, and it does not predict gas porosity, which forms by a
completely different mechanisth

Foundries use the Niyama criterion primarily in a qualitative fashion, to identify regions in a casting
that are likely to contain shrinkage porosity. The reason for such limited use is twofold: (1) the
thresholdNiyamavalue below which shrinkage porosity forms is generally unknown, other than for
steel, and can be quite sensitive to the type of alloy being cast and sometimes even to the casting
conditions (e.g., sand mold vs. steel mold, application of pressure, etc.); and (2) the Niyama criterion
does not provide the actual amount of shrinkage porosity that forms, other than in a qualitative
fashion (i.e., the lower the Niyama value, the more shrinkage porosity forms). Various industrial
applications of the Niyamcriterion can be seen in the work of the authorPagers 11, 1ll, IV and
Industrial report which are enclosed at the end of this thesis.

In the following sections, it will be shown how the Niyama criterion can be effectively utilized in
predicting oher casting defects such as macrosegregation and hot tearing. To make it clear, it is not
the criterion itself, but the physics behind it, i.e. thermal gradients, cooling rate and pressure drop,
through which the Niyama criterion can be related to thectefediction and their elimination.

3.7.3.Deformation during solidification and hot tearing

It was shown in the previous chapter and it can also be found in literature, that porosity can be caused
by the inability to feed solidification shrinkage due to presdosses through the mushy zone
(shrinkage porosity), or by the segregation of too much dissolved gas in the liquid (gas porosity).
Although the same equatidhAsire used to describe the two cases, they differ in both the mechanism
and possible preventiveneasures for pore formation. Gas porosity can be eliminated by an
appropriate melt treatment, such as degassing, which removes excess dissolved gas prior to casting,
or by preventing reactions between the melt and oxygen or water which lead to excess gas in the
melt. However, the alloy’s tendency to form shrinkage porosity is a more intrinsic characteristic,
caused by the formation of a dense phase duringtatge solidification. Consequently it is harder to

avoid.

One way to eliminate shrinkage porosigyto compress the mushy zone during solidification. It is
shown in literaturg, that the partially coherent solid of a mushy zone can be compacted or expanded
like a sponge. Putting this concept into contexEqf 3.20, in regions of a casting that ameder
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compression, i.e. whereu, 0, the deformation of the solid can counterbalance the density

increase and thus maintaip g 0, even where there is no feeding, i.e. for0. This is the idea
behind the squeeze casting process, hiclv an extra compressive stress is applied at certain
locations at prescribed tintés

However, in many solidification processes such as shape casting, i.e. gravity sand or die casting,
continuous casting or welding, some locations are subjected tonergleer than compression
during solidification. In this case, the deformation of the solid skeleton adds to the solidification
shrinkage, thereby inducing even more liquid suction in the mushy zone. A lack of feeding of the
semisolid regions under tensiall result in what is called hot tearing or hot cracking, a defect that

is similar to shrinkage porosity, but that also requires tensile stresses. Whereas microporosity is fairly
uniformly distributed within the mushy zone, hot tears are localized iatlgvandaries

3.7.3.1. Thermomechanics of castingsgoverning equations

In this section, the origin of deformation and stress during solidification and solid state cooling will
be discussed. Dimensional changes are required to accommodate the volume change upon
sdidification, and more importantly, the thermal contraction of the solid upon cooling to room
temperature. These dimensional changes produce stresses if one or more of the following conditions
are met: nosuniform temperature, noariform mechanical propges, constraints induced by the
mould or the casting geometty

The foundation of all classical mechanics is the Newton laws of motion. And the equilibrium
principle is a consequence of Newton™ Bw of motion which states that the summation of the
external forces on a body equals the mass times the acceleration. However, in casting processes, after
the filling of the mould, the accelerations are close to zero. This will simplify NewtSHa2to the

static equilibrium as follows:

3
: F O Y Y, pj O (3.29)
i1
Wherep; is the body force at any point within the plate alds the stress tensor. A very important
consequence of Eq. 3.29 is that every arbitrarily chosen part of the casting and the mould has to be in
static equilibrium. This also means that the forces, if any, acting on the boundary of the geometry

together with volume forces, e.g. gravity, must even themselves out, finally adding up to zero. If this
is not true the part will start to accelerate, thus violating the static nature of the groblem

Thermal strain

It is a wellknown phenomenon that a body when heated will expand and when cooled will contract,
if allowed to deform freely. This is a consequence of the thermal deformation or thermal strain. If the
temperature of a body is raised uniformly and if its bounding surfaces are unrestrained then it will
expand uniformly in all directions. The constant of proportionality is called the coefficient of linear
thermal expansion which was already introduced in Eq. 3&A4@ the strain thathé body will
experience will be equal to the thermal strain given by

T2
A 3@T (3.30)
Tl
In words, . H[SUHVVHV KRZ PXFK UHODWLYH GHIRUPDWLRQ WKH
temperature change of one degree if it is allowed to contract or expand freely. For this type of
application, i.e. casting processes, it is desired to relate elastic straimesses. This is in general
called a constitutive law within the field of solid mechanics. The word elastic indicates that the

deformation that the body undergoes will be entirely recovered while unloading. This leads to the 1-
D Hooke’s law:

V EA (3.31)
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which states that there is a linear relationship between the stress and elastic strain. At this point the
material behavior is not taken into account. If it was, it would lead to the Hooke’s generalized law
which is discussed in the xtesection.

Thermal stress and constraints

It is commonly known that internal stresses may occur in a heated or a cooled body either due to a
highly local heating/cooling or external constraint, or a combination of both causes. These internal
stresses aneferred to aghermal stresses.

In casting processes, one distinguishes between internal and external constraints on castings. The
casting constraint which is a result of uneven cooling is an example of the internal constraint;
furthermore, constrainingrom the mould/die on the casting could be regarded as the external
constraint. This type of constraining is readily understood and quite easy to visualize. The rate of
constraining is determined via the shape complexity of the casting, which plays ataimhpae for

the mould/die constraint. One very important rule follows.

Thermal contraction/ expansion can result in:

x Deformation only (the body is allowed to contract/expand freely)

x Stress only(the body is totally restrained)

X A combination of deformdion and stress (almost always the case in practice)

This is also closely coupled with the relationship between total, elastic, plastic and thermal strain,
which is known as the decomposition of the strain component, and in 1D can be written as

A8 A M (3.32)

This secalled total strain is the one that the body experiences, i.e. the strain seen from outside the
casting. The elastic strain is often regarded as the strain driving the stresses, since they are related
very simply by the Hooke'law. Therefore, in this respect, the thermal strain cannot produce stresses
by itself. It can be understood as a thermal load that promotes elastic strains, and these elastic strains
cause stressesFor the 1D thermeoelastic case, the relationship beam the stresses and strains is
obtained combiningq. 3.31 and Eg. 3.32:

VER EA A K (3.33)

The elastic behavior of the body subjected to the external heat is an idealization which does not
correspond to the reality, at least not for metal casting processes. In terms of casting processes the
behavior of the materials differs quite considerably from the elastic description which now becomes
inadequate. The material in general is then said to behave -glastically, i.e. the material
deformaton also becomes irreversible. A very important consequence of this is that in general it is
not possible to express the stresses as functions of the strains on total form as was the case for
Hooke's law. In plasticity, it is in general possible to expogdg changes in stresses as changes in
strains. This is called an incremental constitutive law. We then introduce the mechanical strain which
is defined as the sum of the elastic and plastic strains

et/ (3-34)

This definition is veryimportant in the case of theramechanical modeling of casting processes
because the thermal strain is very dominant, so that the total strain in #lestaplastic case can
be formulated as:

A S Y ) (3-39)

where the plastic strain accounts for all inelastic behavior, e.g-ifitlependent plasticity where
time-dependent plasticity like creep or visplasticity is typically dominating inelastic behavior at
high temperatures, of the deformed body.
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3-D thermo-elasticity, Hooke’s generaed law

Now if we consider a general multi dimensional stress state during loading, it will bring us to
Hooke’s generalized law for lineafastic, isotropic material where stresses are expressed in terms of
strains in 3D:

E - o, v EDT
W1 1 Q@'i"l 1—20/?'1 H, Hs /41 20
E - % EDT
%2 1—0®'jz 1 20 7 H 2211 20 (3.36)
é
i o) v, EDT
33 —Q@/i'% 1 20"?’1 H, H; 241 20

where is Poisson’s ratio and i the Young's modulus in case of isotropic material. In tensor
notation it can be written as

E - EDT
4 1 Q®lﬁ/ 1 ZQQ];IR{( ql;l 20Q (3:37)

The version of Hooke’s generalized law expressingsses in terms of strains is normally the version
that is used in a numerical formulation of a themmechanical problem. This is because the
governing equations are the equilibrium equations and these are expressed in terms of 3treisses
for clanity, Eq. 3.32 can be extended to 3D and expressed in tensor notation as

,%?t ,ﬁ‘ @/l? (3.38)

3-D thermo-elastaeplasticity

To include and describe plastic behavior in the material model, the standbd $heory can be
applied. The elastic damin is limited by the yield stress, via the yield function which describes when
the material starts to behave plastically. The yield function used to evaluate the elastic/plastic
behavior in the sJflow theory is based on the von Mises hypothesis whidkstaat “plastic flow in

a general stress state is initiated when the second invarisgaches the critical value of the second
invariant J that initiates plastic flow in the umixial stress state This hypothesis leads to the
definition of the eféctive von Mises stress which is used to predict yielding of materials under any
loading condition from results of simple wamial tensile tests. In other words it is possible to
evaluate the general stress state via the effective stress and comptrehe waictual yield stress of

the material.

The calculation of the effective stress based on the second invariant of the deviatoric stress tensor in
Eq. 3.39, known as the dnvariant is given by the following relation.

= A 3 1
V37, \/3 Esjsji \/Esijsji where S 1 gﬁj”ﬁk (3.39)

The componens; stands for the deviatoric part of the stress tensor. The last component on the right
hand side represents the hydrostatic pressure which does not contribute to plastic deformation. This
leads to the definition of the yield function of thenip Eqg. 3.40

f(y A.T) YWs) YA (3.40)

Where A'is the equivalent plastic strainlis the effective von Mises stress any is the

temperature and plastic strain dependent yield stréss.|@ads to the following definition of the
elastic and the plastic states expressed in terms of the yield function. lftlie<rBaterial behaves
elastically, while if f = Q the material starts to behaves plastically, i.e. it starts to yield. Thecplasti
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deformation outside the yield surfade>(0) is not physically possible. The evolution of the yield
surface is described by the consistency criterion which enforces the solution to stay on the yield
surface during the plastic load increment.

The associated flow ruleE@. 3.41) indicates how the plastic strain develops by using the vyield
criterion function (yield surface) and this relation is formulated as

W W
dH' do— where — s
K wid wid Si (3.41)

where is a load parameter which stands for the size of the plssaa increment, while the
direction of this increment is given by the second term which is the outwards pointing normal to the
yield surface. The load parameter is obtained from the consistency criterion in Eq. 3.42.

ff(s, 4'.T) —Sj —or

8 w'

This condition relates the development of stress in the domain to the change in yield stress of the
material governed by the isotropic hardening and the softening of the material as function of the
temperature increment during the applied load increlnent

/ﬁi' %T (3.42)

Geneally, the behavior of temperature softening and the generation of plastic strain can be illustrated
by the 2D plane stress representation of the vyield surface givesigime 3.22. These two
illustrations show how the general stress level drops wherethperature increases and how the
stress level increases during any production of plastic strain.

Figure 3.22: Development in the yield surface as function of temperature softening (left) and generation of
plastic strain (right). 2D plane stress case gjivin terms of principal stresses. Figure adapted from Hdttel

The aforementioned theory of stresses and strains occurring in a solidifying casting has been
presented for one reason. All this and much more needs to be calculated by the numerical stress
solver implemented in MAGMASsoft, in order to model and predict phenomena such as deformation,
residual stresses, i.e. von Mises stress, hot tears or cold cracks within a given casting. Considering
just hot tearing, if it was not for these strsfimin calalations, it would not be possible to evaluate
strains, strain rates, transient stresses, etc., which all contribute substantially to this very common
defect in steel castings. Obviously, one should never forget that thermal calculations need to be
carriedout as well to get an idea on how the casting cools down, i.e. if uniformly or not, since non-
uniform solidification and thermal contraction drive the formation of thermal stresses and strains.
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3.7.3.2. Coherency

Before we turn to the description of hot tearihg term “coherency” which is commonly used in
discussion of hot tearing should be introduced. The coherency point can be defined as the volume
fraction of solid, or the temperature at which a given alloy starts to develop mechanical resistance. In
order tounderstand the complexity of defining a unique coherency point, it is necessary to study the
evolution of the mushy zone over the entire solidification range. When we |¢aoguse 3.23, we

can see a sequence of six micrographs taken during growthruafrtad dendrites.

Figure 3.23: Growth and coalescence of dendrite arms within a single grain of succinoniadetone. The
microstructure has been redrawn from the original micrographs to highlight the sdiiplid interface. The
volume fractions of satl are indicated below each image. Figure adapted from [22].

Observing the microstructure deeper within the mushy zone, one first notices that the dendrite arms
become coarser and thicker. At t = 30s, the dendritic network fills nearly the entire frargjsb

still only 0.82. Note that, at this point, the columnar dendrites remain separated from their neighbors
by continuous liquid films. Between t = 30s and t = 75s, a dramatic change in topology occurs. The
dendrite arms coalesce or bridge, transfagrthe continuous liquid films into isolated liquid pools

or droplets. Coalescence should not be confused with coarsening; it is defined as the replacement of
two soliddiquid interfaces by one solid bridge. This intragranular bridging does not havertome

any grain boundary energy barrier, and thus occurs at a fairly low volume fraction of solid (~0.9), as

soon as two dendrite arms toffchThe temperature at which this takes place is designétéd
Below g, = 0.82, dendrite trunkdo not pose much resistance to tensile stresses applied perpendicular

to their growth direction, whereas above=0.94, the mushy zone behaves as a coherent solid,
slightly weakened by the presence of the liquid droplets.

If the simplest possible polycrystalline specimen consisting of two columnar dendritic grains growing
with a symmetric tilt boundary between them is consideredi-igerge 3.24, one can see again the

same coalescence occurring at aroliti* within each grain.

Figure 3.24: (a) A schematic diagram of two columnar dendritic grains in a symmetric tilt bounc
configuration. (b) The configuration of the atoms located at the grain boundary after solidification. (c)

surface energy of a tilt boundary, g, DV D IXQFWLRQ RI WKH PLVRULHQWDWLF
XQGHUFRR G Isipun (o the right hand scale. The transition between an attractive and repul
ERXQGDU\ RFFXUYV HypWe BakéR ot @22{E
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Below this temperature, the grains are already close to being fully solid, with a few isolated liquid

pools. On the other hand, dendrite arms located on both sides of the future grain boundary must
overcome the grain boundary energy, which depends on the relative misorientation between the two
grains. For values of the misorientation angle small enough there would be a decrease in energy upon
coalescence and hence this boundary would be attractive and the coalescence would occur

aroundr,™'@ . However, for larger misori¢ations, the grain boundary is said to be repulsive and the
EULGJLQJ RFFXUV DW D ORZHU WHPSEHUDWXUH JLYHQ E\ DQ XQ

In summary, for a polycrystalline columnar specimen in which all of the grain boundaries are nearly
parallel to the thermal gradient, all of the dendrites are surrounded by liquid films for,"F>

Accordingly, there is little mechanical resistance in the direction along which thermal strains
develop. However, any lateral separation of the dendrites can be compensated by interdendritic liquid
flow, since permeability is high. Therefore, the range is characterized by high ductility and low

strength. On the other hand, for T2 all of the boundaries are solid, and the specimen exhibits

both high ductility and high strength. Fgf"™ < T <T,""  films of liquid remain at some of the

grain boundaries, thereby weakening the material. Any opening of such grain boundaries by thermal
strains cannot be compeated easily by liquid flow, since the permeability of the mushy zone is low

in this range (~0.94 < < 1). Therefore this range typically corresponds to low ductility and an
intermediate strength of the mushy zone. The material is very sensitive tealiogt due to the
remaining liquid films acting as a brittle phase and concentrating the thermal strains.

3.7.3.3. Hot tearing

As discussed in the first part of this chapter, thermally induced stresses and strains during casting
develop mainly in the fully solidgt. These are then transmitted to the mushy zone and tend to
localize at the weakest regions, i.e. at the continuous liquid films remaining between the grains. Some
of these films are still present even at low temperatures and the low permeability of the mushy zone
in such regions prevents feeding of any grain boundary opening. This leads to hottéamgext

section reviews the main characteristics of such defects after which factors influencing this defect
will be introduced and discussed. The tlyeon hot tears will be explained by considering an
industrial project.

Characteristics of hot tears

Hot tearing is one of the most common and serious defects encountered in large steel castings. Hot
tear defects require extensive rework, which signifigancreases costs. In some instances, several
iterations of part inspection repair and heat treatment can be required, which is both labor and energy
intensive. Hot tear defects that are not properly repaired or are not discovered, can result in failure
initiation sites during service. These troublesome defects can occur internally in a casting or on the
surface of the casting, see Figures 3.25 and 3.26. These cracks may be large and visible to the naked
eye or small and found only by magnetic particle inspection.

(@) (b)

Figure 3.25: (a) The jagged and discontinuous surface appearance of a hot tear on the surface of a ce
(b) An optical micrograph of a “healed” or filled hot tear in an AL0%Cu specimeX.

72



Figure 3.26: View on the locabn of a hot tear in the middle rib of a steel casting, [ref. Paper IV, (Kotas et
al. 2010)].

The defect is easily recognized from one or more of a number of characferistics

x Its form is that of a ragged, branching crack.

X The main tear and its numerous minor offshoots generally follow-gnégwlar paths. This is
particularly clear on a polished section viewed under the microscope.

X The failure surface reveals a dendritic morphology. The failure surface is often heavily oxidized
(prior, of course, to any subsequent heat treatment). This is particularly true for higher
temperature alloys such as steels.

x Its location is often at a hot spot, and where contraction strain from adjoining extensive thinner
sections may be concentrated.

x It does not always appe under apparently identical conditions; in fact it seems subject to a
considerable degree of randomness in relation to its appearance-appsarance, and to its
extent.

X The defect is highly specific to certain alloys. Other alloys are virtually free from this problem.

Hot tears are caused by a combination of thermal effects, such as hot spot size, and casting restraint,
such as cores in cylindrical castings. In addition, composition can affect hot tearing tendency.
Physically, two factors contribute hot tearing in the mushy zone. Hot tears are formed when the
mushy zone is cut off from liquid feeding and is under tensile lo&ding

First, liquid feeding is the flow of liquid metal into the mushy zone to account for volumetric
shrinkage as the liquidecomes solid. The mushy zone accumulates volumetric changes both through
shrinkage, which is the density change as liquid metal solidifies to solid metal, and by the externally
imposed volumetric strain. The mushy zone is analogous to a sponge sheigur@n3.27. Initially,

liquid may flow through, like the sponge, but as solidification continues the permeability of the
sponge decreases which restricts liquid metal flow. Eventually the flow is cut off and the remaining
liquid pockets become isolated. Amng as the liquid pressure is sufficient to drive liquid into the
pockets, no porosity will form. But when the pockets become isolated then the liquid will not feed the
contraction during solidification and porosity forms.

Second, tensile solid deformani is also necessary for hot tears. In the sponge analogy, tensile
deformation stretches the sponge. Alternatively, compressive deformation squeezes the sponge and
may eliminate porosity and hot tears. Tensile deformation can result when the thermatioonifa

the solid areas of the casting are restrained.

Restrained thermal contraction may occur, when metal surrounds a core or if an already solid casting
feature pins the contraction at a hot spot. When the mushy zone in a hot spot is being deformed in
tension, solid dendrites or grains are pulled apart. This circumstance is illustrated schematically in
Figure 3.27.
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Figure 3.27: Schematic of a deformed mushy zone. Tensile stress in one area can evoke tensile strains
localized in a distinct area. If tht area is still mushy and improperly fed, the tensile strains can easily
facilitate hot tearing in that weak spot. Figure inspired by Mont8e

As the solid colder pieces at the edge of the mushy zone are pulled apart by contraction, additional
liquid metal must flow into the mushy zone to fill this space. If liquid is not available under tensile
loading, due to the feeding flow being cut off, additional porosity may form. This porosity forms late
in solidification, along grain boundaries and it is thgation site for a hot tear.

The initiating conditions for hot tearing can occur from (1) casting design; normal contraction of
thinner sections causing deformation or restraint of thicker sections which cool more slowly, or (2)
bulk resistance of the mold and core, which prevents contraction of a casting, or (3) the rigging
design, especially if feeding is marginal, by providing additional restraints or due to the high thermal
gradients that are often needed to achieve directional solidification. Impleceshaped casting,
tearing may occur as a result of the combined effect of the aforementioned causes.

Alloy composition

Susceptibility to hot tearing is closely associated with the mode of freezing and thus with alloy
composition. The tendency is loogeklated to the length of the temperature range over which the
alloy possesses certain cohesion yet ductility is minimal. This range is related to the freezing range of
the alloy, since cohesion, i.e. coherency is attained at some critical proportiolidabsresidual

liquid. The extent of the brittle range determines the total contraction occurring in a cast member of a
given length whilst the alloy is in the vulnerable condition. Alloys with very short freezing range,
therefore, including those of meautectic composition, show little tearing tendency. Alloys
containing small amounts of eutectic, with their relatively long temperature range of primary dendrite
cohesion, are especially prone to tearing. Larger amounts of eutectic enable liquid fieal to
incipient tears until the eutectic temperature is attained, accounting for the low susceptibility to hot
tearing in grey cast irons and in the eutectic alumirgilicon alloy.

Apart from the basic alloy compaosition, susceptibility to hot tearing is influenced by segregation of
alloying elements and impurities. Microsegregation or coring extends the true freezing range and
increases the tendency for prolonged retention of interdendritic liquid films, with consequent increase
in the accumulated strain during the critical period of weakness. This accounts for the serious
lowering of resistance to hot tearing by high sulfur and phosphorus contents in steel. Carbon, C, is
known to diffuse relatively well in ferrite and austenite whereas phosphorus, Rilike S, diffuses

slowly. These two elements have a low partition coefficient and are known to produce interdendritic
segregate of low melting poffitand depress the solidus temperature. This last liquid to solidify is on
grain boundaries, which undernstle deformation will easily separate. The depressed solidus
temperature increases the time that tensile strain may accumulate when flow i&ctieoffe one

can see that unfavorable macrosegregation profiles in the casting also facilitate hotdeatange

extent.

The hot tearing tendency of an alloy is, on the other hand, diminished by precipitation of gaseous
impurities during freezing, since the resulting volume expansion partly offsets the contraction during
the critical film stage.
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Design ard production factors in hot tearing

Design and production conditions influence hot tearing mainly through effects upon temperature
distribution and resistance to contraction. Temperature distribution is of crucial importance in respect
of all types of comaiction defect, since it governs the distribution of mechanical properties and at the
same time creates the pattern of streain relationships due to differential contraction. As a
general rule the probability of tearing is increased by longitudimapeeature differentials, which
produce hot spots during cooling. The more confined and intense the hot spot the greater the tearing
tendency, since the strain resulting from the hindered contraction of the whole member is then
concentrated within a narrow zone of weakness, where it must be accommodated by relatively few
films of residual liquid. Temperature distribution and hot spot intensity are influenced by design, by
gating technique, and by selection of pouring speed and temperature, all of whioh esedkto

reduce the strain concentration.

x Design

Much can be achieved at the design stage of the casting. A hot spot generally occurs at any
intersection or local section increase. The basic aim, therefore, should be to equalize cooling rate by
designingfor uniform section thickness. Where this is impossible, cooling can be equalized with the
aid of chills. The chilling of the hot spot is a useful technique. This reduces the temperature locally,
thus strengthening the metal by taking it outside of itcegptible temperature range before any
significant strain and stress is applied. By reducing the temperature locally nearer to that of the
casting as a whole, the temperature differential that drives the process is reduced, and any strain
concentration igedistributed over a larger region of the casting. Local chilling is therefore usually
extremely effective. Although one should be aware of one fact, it is very common for chills which are
in direct contact with the casting wall that they may induce Isgdhce tears. This is because the
chills will induce high thermal gradients localized over a small or narrow area and thus the strain
rates will be very high at that place. However, if feeding is sufficient at that section nothing may
happen. A rule of thumb that the author learned while collaborating with the steel casting industry is
that if more brickshaped or cylindrical chills in direct contact with the casting are applied in one
area, the minimum distance between them should be at least the same as the width of each of these
chills, not smaller. If this condition cannot be provided, the given chills should be substituted by one
single big chill to prevent hot tearing.

An industrially-oriented project has been performed by the author to investigatsutsequently
optimize the hot tear formation in a large stwebgeshapedcasting,see Paper IV It is a perfect
example of how the improper solidification pattern and insufficient chilling can cause massive hot
tearing in the 85 ton large casting. The casting is seen in FigureaB®28& should be instantly clear

that the chilling will be insufficient. Since hot tearing is a thermally induced defect, it was important
to thoroughly analyze the whole solidification interval.

Figure 3.28: 3D visualizgtion of the original casting layout with its characteristic feeder design and chill
patterns applied in the initial numerical calculations, [ref. Paper IV, (Kotas et al. 2010)].

Figure 3.29outlines the Niyama criterion for the casting showikigure 3.28, and this criterion is
generally used to indicate regions prone to centerline porosity due to low thermal gradients.
Although, at the same time it can be used to highlight regions with very steep gradients and hence
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areas prone to hot tearing. Having mrgemperature differences over a small or narrow region
implies that large thermal strains will be evoked due to this sudden temperature change. One can see
that the area above the top cylindrical core experiences large temperature changes in twawery narr
channels, exactly at the area where the hot tear was found in the real casting. Since the Niyama
criterion is evaluated at the end of the solidification interval it was necessary to check how the
casting behaves thermally speaking during the entirelicédition interval to identify the most

critical time for hot tear formation.

Figure 3.29: The Niyama criterion used to highlight areas with high thermal gradients for the casting shown
in Figure 3.28. Areas with high Niyama values exhibit steep therrgeddients and low cooling rates, [ref.
Paper IV, (Kotas et al. 2010)].

Figure 3.30implies that already at 40% solidified a small region above the top core solidifies at a
much higher rate than the surrounding areas. This trend persists throughouir¢hsodidification

interval. Having an area which solidifies much quicker than the surroundings generally leads to large
thermally induced tensile strains. Also, the cold area has gained strength and volumetrically contracts
while the surroundings are $tlemisolid and weak. The consequence of this thermal imbalance can
easily be a hot tear located at the boundaries of the cold and hot regions.

Figure 3.30: Temperature distribution in the solidification interval of the original casting layout. It is
expected that the sudden temperature change in the area between the risers might induce thermal straining
at the boundaries of the cold and hot regions and consequently a hot tear. Blue color denotes a com

solid region, all of the shades of green stand for the mushy zone and the red color stands for the liquid, [ref.
Paper IV, (Kotas et al. 2010)].

Figure 3.31captures the maximal principal strain rate inside the casting at two different stages of
solidification. One might argue why we should be @ned about what goes on at that early stage of
solidification when hot tears usually form much later. The reason is that at 40% solidified; the cold
“triangular” area starts to form above the top core, as indicatddgire 3.30. Therefore, that
particulr area is already in the late stage of its solidification, due to the uneven solidification pattern
of the entire casting and thus hot tears can form there already now. Indeed, one cdfiggge in
3.31that the significant temperature difference couphgith volumetric contraction lead to rather
severe thermally induced tensile straining in that area. Also, it is now obvious that the top core
represents a mechanical restraint to the free contraction as the peak values of the strain rate are
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adjacent tothe core. Hence one may assume that the hot tear initiated there and propagated
diagonally to the top.

Figure 3.31: Maximal principal strain rate contributing to hot tearing. The effect of the top cylindrical core
as a mechanical restraint to free conttton is seen. The “fastest” deformation occurs right at the region
where the hot tear was found in the real casting, [ref. Paper IV, (Kotas et al. 2010)].

Figure 3.32depicts the final prediction of the hot tear occurrence in the casting as a conse@juence
the coupled physical phenomena mentioned above. Notice a very good correlation with the results
obtained from the casting trial. There is one more area in the hot tear results that might be of concern.
It is located in the lower central section of tlasting above the bottom cylindrical core. One of the
probable reasons why the hot tear did not occur in the bottom area in reality is the stress
redistribution in the casting after the top hot tear opened up. So, when the hot tear formed in the
central rb, the residual stress stored in the casting got released in a form of deformation and the
stress pattern of the entire casting changed and the bottom tear did not initiate.

Figure 3.32: Hot tear prediction obtained from the numerical strestgain analysis. Colored areas indicate
regions most susceptible to hot tearing. A good agreement with the experimental results (Figure 3.26), is
seen in terms of the predicted hot tear in the central rib, [ref. Paper IV, (Kotas et al. 2010)].

A conclusion can be th#ite hot tear was in essence evoked by a combination of multiple factors, (i)
an uneven temperature distribution inducing high thermal gradients concentrated over the very
narrow area, (ii) by unfavorable concentration profiles of solute elements whicisardéeavily
dependent on the temperature profiles, (this will be shown and discussed in the section dedicated to
macrosegregation), and, (iii) by a mechanical restraint due to the presence of the top core which
hindered free volumetric contraction of tbaidifying cast part.

x Gating technique

Hot spots may also exist as-pyoducts of the pour, the ingate regions forming frequent sites for
tears. Gating practice can be designed to reduce this risk by the use of multiple ingates positioned to
achieve a wde distribution of the molten metal, so avoiding intensive heating at a single ingate. Care
is required, however, to avoid creation of a stress framework embodying the gating system itself.
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Based on Campbell’s arguing that hot tears are strongly linkibe toresence of bifilms and various
inclusion$, a conclusion can be made that simply upgrading the filling system is one of the most
important techniques for dealing with hot tearing problems. By using filters in the gating system or
by avoiding air aspation or sand mould erosion, the melt will travel more uniformly and will contain
fewer impurities and potential nucleation sites for hot tears. Basically, the less turbulent filling, the
lower the risk of hot tearing. An example of a gating system applied in practice is giFeuia

3.33. This highly turbulent flow pattern will for sure cause excessive oxidation and providing that
Campbell's theory is correct, it will be the inclusions and bifilms which most likely will promote hot
tearing.

Figure 3.33: Initial stages of the filling process in case of the original casting arrangement sugges
highly turbulent entry of the metal to the mould causing jetting and also a waterfall effect due to improperly
designed gating system, [ref. Paper IV, (Kottsal. 2010)].

A Few simple changes in the design of the gating system, namely increasing the cross section area of
the ingates and adding three more gates would slow down the melt while entering the mould cavity.
Additionally, the vertical runners weediminated to prevent the waterfall effect, segure 3.34.

Figure 3.34: Initial stages of the filling process after shape optimization of the gating system. The entry is
much smoother and quiet which may eliminate oxidation and most likely also &at susceptibility.

X Melt treatment and pouring conditions

The grain refinement of the alloy is expected to be helpful in reducing tear initiation in that for finer
grains more strain can be accommodated by easy slip along the lubricated grain boundaries without
the danger of tearing. Since a hot tear generally grows or propagates along the grain boundaries,
having much more fine grains exposes higher resistance to the free movement of the growing hot
tear. From this, it is obvious that having a mushy zommprised of very fine grains, i.e. small
SDAS, will lower the permeability of the mushy zdhand lower the risk of hot tearing.

A high casting temperature is associated with increased incidence of tearing. This can be explained
partly by its effect upn transverse temperature gradients in the casting member. Pouring with
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excessive superheat, by preheating the mould, produces shallow transverse gradients during
solidification, so that an increased proportion of the cross section passes simultaneougly ttie

brittle range. Steep transverse gradients, on the other hand, favor progressive inward growth of a
solid layer, of which the weaker inmost region has constant access to the residual liquid whilst the
skin develops full solid cohesion. These ctiods are favored by moderate pouring temperatures
and by greensand moulds. The influence of a high pouring temperature can also be partly attributed
to a grain size effect, since a coarse structure produces concentration of longitudinal strain at fewer
inter-crystalline liquid film site3 The influence of pouring speed on hot tearing arises primarily from

its effect upon long range longitudinal temperature gradients: rapid pouring promotes uniformity and
reduces hot spot intensity, enabling the stralmetaccommodated at a maximum number of sites.

Note that hot tearing follows the same trend as centerline porosity, represented by the Niyama
criterion in, that if proper thermal gradients with proper cooling rate are present in the casting and if
directional and progressive solidification is ensured, the extent and the permeability of the mushy
zone are decreased and hence the resistance to centerline porosity and hot tearing is increased. This
leads to the assumption that in essence hot tears which as®lered as “thermmechanical”

defects can be treated by the Niyama criterion. In other words, if we minimize the presence of the
centerline porosity by establishing a proper solidification pattern, the risk of hot tears will decrease as
well. This assumn has been verified iRaper IV, (Kotas et al. 2010).

X The mould

The resistance to contraction of a mass of moulding material depends partly upon its bulk properties
at normal temperatures and partly upon properties in the heated layers adjacent to the casting. In a
greensand mould bulk properties predominate and there is little tendency to form hot tearing in the
casting when compared with dry sands and core sands: contraction is accommodated by deformation
of the whole mass. The traditional assumption that organically bonded cores suppress hot tearing is
only valid if sufficient time elapses for breakdown of the binder to an adequate depth before the
casting cools through the susceptible temperature ranges. Before this stage heating of the sand
actually nakes the problem worse through expansion. Owing to the low thermal diffusivity of
moulding materials, the conditions for collapse are only achieved with castings of extremely heavy
sections. For light section castings, which cool rapidly to the tearingetamare, it is the high dry
strength of the unchanged coresand that is significant, producing a strong tearing feridency
contrasting situations arising from the time dependence of the sand properties are schematically
illustrated in Figure 3.35

Figure 3.35: Strength changes in moulding materials after casting. Schematic comparison of
bonded and organically bonded sands, adapted from [9].

Campbelt lists the sand binders in increasing-tesiring tendency for casting sections of less than 30
mm. These are: Greensand (least hot tearing tendency)sdhd (clay bonded), Sodium silicate
bonded (CO, and ester hardened types), Rasigled shell sand, Alkyd resin/oil (perborate or
isocyanate types), Oil sand, Phenol formaldehyde resdisocyanate, Furamigtsist(hot tearing
tendency. Although the strengths give a rough indication of hot tearing tendency, the capacity for
deformation is the crucial factor. For a sand of high initial dry strength, the capacity for high
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temperature deformation the surface layers alone must be sufficient to accommodate the whole of
the contraction. The extent of this deformation is a function of metal temperature, binder
composition, ramming density and other variables. Deformation of a mould can be enhanced by
special additions such as sawdust, wood flour, or chopped straw; this is also one of the functions of
cereal binders. The contraction resistance of larger moulds and cores may also be reduced by centre
fillings of loose materials such as coke and unbonded.sCertain mould and core sections may be
completely hollowed out by the use of dummy pattern blocks in moulding. The mechanical
construction of the mould must be designed to avoid hindrance from box bars, reinforcing grids and
irons. Sprues and feeder heads emerging at the cope surface must be kept well clear of these
obstructions, a considerable amount of free movement being required for long dimensions. This
movement can be helped by removal of moulding material from between heads and runners
immediatéy after casting, a practice aided by relief cores which can be extracted after a suitable
interval. However, it has to be emphasized that removal of constraints after casting is not always a
reliable technique. This is because the timing is difficultoiatol precisely; too early an action may

result in a breakout of liquid metal, and too late will cause cratkifigerefore, other improving
measures should be applied, for instance optimized chilling to induce a favorable solidification
pattern, i.e. progressive and directional.

Specific precautions against hot tears can be embodied in the casting design. Apart from the overall
aim of section uniformity, section changes should be gradual and all corners provided with adequate
radii to reduce stress concentration. Reinforcement can be introduced in the form of thin webs and
brackets across critical regions; these may be temporary to be removed in fettling or may be retained
as a permanent feature of the design. Their function is to accelerate cooling tanstremgthen
vulnerable zones during their cooling through the critical temperature. These brackets can be seen in
Figure 3.36. Corrugated, i.e. wavy, surfaces have been suggested as one means of sharing the strain
concentration between numbers of sitesmiembers prone to tearing.

Figure 3.36: Application of strengthening brackets, i.e. ribs, in steel castings to prevent hot tearing
Paper IV, (Kotas et. at. 2010)].

Much effort has been devoted to the understanding of the hot tearing phenomenon over the past
decades. Several mechanisms of hot tearing and conditions that may lead to it are already suggested
in literaturé®. In conclusion to this section, some of those are outlined and summarized in Figure
3.37.1t also shows that the conidihs for and causes of hot tearing can be considered on different
length scales, from macroscopic to microscopic, and some of these conditions are important on both
mesoscopic and microscopic sc&leThis figure also gives a support to the assumption ttea

Niyama criterion can be effectively utilized in assessing and predicting the presence of hot tears. The
first link can be seen in the pressure drop over the mushy zone which favors a pore or void to
nucleate. This newly nucleated pore then represantaitiation site of the subsequent hot tear. The
second link between centerline porosity and hot tears is the thermal gradient, which has already been
discussed earlier in this work.
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Figure 3.37: Summary of mechanisms, conditions, and causes of bating, as suggested to date. Figure
adapted from [41].

3.7.4.Macrosegregation

Macrosegregation refers to spatial variations in composition that occur in metal alloy castings and
range in scale from several millimeters to centimeters or even meters. Thessitonglwariations

have a detrimental impact on the subsequent processing behavior and properties of cast materials and
can lead to rejection of cast components or processed products. Macrosegregation is present in
virtually all casting processes, incladi continuous, ingdt ** and shape casting of steel and
aluminum alloys, iron casting, casting of single crystal safleys, semisolid casting, and even
growth of semiconductor cryst&ls Macrosegregation is especially important in large castings and
ingots. Because of the low diffusivity of the solutes in the solid state and the large distances involved,
such inhomogenity cannot be removed through processing of the casting after solidification is
complete, i.e. by heat treatment, as the time reqgfiiresolid state diffusion to occur at this scale is
prohibitive®. Therefore, not surprisingly, modeling of macrosegregation is still a very active research
field, for instance the research group of Prof. BeckerffiatnUniversity of lowa, has contributed
substantially in this field, when the first pioneering contributions were made by Flémihgsand
co-workers in the beginning of 1960s. They discovered the importance of convection within the
mushy zones of solidifying alloys, and derived the bagitation describing macrosegregation due to
interdendritic flovi’.

The cause of macrosegregation is relative movement or flow of segregated liquid and solid within the
mushy zone during solidification. Most alloy elements have a lower solubility in the solid than in the
liquid phase as is shown by phase diagrams-ggee 3.38.

Figure 3.38: Schematic of a partial equilibrium phase diagram of a binary alloy
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During solidification, the solutes are therefore rejected into the liquid phase, leadingrtinaous
enrichment of the liquid and lower solute concentrations in the primary solid. The segregation occurs
on the scale of the microstructure that is forming, which often consists of dendrites having arm
spacing of the order of 10 to 1200 P W LV WKHUHIRUH WHUPHG PLFURVI
nonuniform, cored solute distribution in the dendrite arms. Despite this localization of segregation at
the micron scale, macrosegregation can nevertheless occur by several mechanismsatas iltustr

Figure 3.39.

Figure 3.39: Various types of macrosegregation induced by (a) solidification shrinkage, (b) fluid flow
grain movement and (d) deformation of the sdffd

In all of them, macrosegregation takes its origin in the relative maoveofi®ne phase with respect

to another. Indeed, as the solid and liquid phases do not accept the same amount of solute,
microsegregation will give rise to macrosegregation in which one phase moves relative to the other.
When such movement or flow geneyalbccurs over large distances, the casting becomes
macroscopically segregated. Macrosegregation at a given location in a casting is said to be negative
when the average composition measured over a representative volume element is lower than the
nominal vale. It is positive in the opposite case. The four main causes of macrosegregation are
illustrated in Figure 3.3@&nd are briefly treated in the following:

(a) Macrosegregation associated with solidification shrinkaige flow that feeds the solidificatio
shrinkage and the contractions of the liquid and solid during cooling, Figure 3.39(a)

(b) Macrosegregation associated with natural or forced convection. If the velocity of the liquid is
perpendicular to the solute gradient, no macrosegregation o¢tomgever, macrosegregation is
induced when the flow enters or exits the mushy zBigeire 3.39(b)

(c) Macrosegregation associated with grain movemést long as the grains move with the same
velocity as the liquid, there is no macrosegregation. Howeggriaxed grains have a tendency to
sediment or, in certain cases, to float, giving rise to macrosegred&agare 3.39(c)

(d) Macrosegreation associated with deformation of the solid netivotke mushy zone due to
thermal and shrinkage stress, head pressure, or external forces on the solid shell. In other words, the
mushy solid behaves like a sponge causing the liquid to be expelled (when in compression) or sucked
in (when in tension)rigure 3.39(d)

All efforts to prevent macrosegregation are airaedontrolling liquid flow and movement of solid.
Examples include adjustments to the alloy composition or thermal gradients to induce a stable density
stratification in the liquid; application of nozzles, baffles, porous materials, or electromagnasic fie

to redistribute the flow; controlled deformation such as soft reduction during continuous casting of
steel to squeeze highly enriched liquid away from the centerline of slabs; changing the cooling rate or
the alloy composition to decrease the denduite spacing and hence increase the resistance to flow
through the solid network; and increasing the prevalence of equiaxed grains in a casting, for example,
by inoculation or stirring, in order to obtain a more uniform and dense solid distriBution

3.7.4.1. Macrosegregation induced by fluidflow

In this section, quite a few equations related to macrosegregation phenomena will be presented and
briefly discussed. It has not been the aim to explain the theory and various aspects of
macrosegregation just based orsthequations. It is for sure not a scope of this thesis. The reason for
showing all of these equations is that they serve as a basis for the modeling and analysis of
macrosegregation in MAGMAsoft, which has been used throughout the PhD Isties considred
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interesting to show a brief overview of what goes on inside this numerical solver. To link the theory
to the practical aspects of metal casting, several practical casltigd examples are shown
indicating and supporting the results and theorefiicdings of most of these equations.

Liquid flow through the mushy zone, where the developing solid network can be assumed to be rigid
and fixed, is the most common cause of macrosegregation. Such macrosegregation can be best
understood by considering thacal solute redistribution equation (LSRE) derived by Flemings and
coworkers® ¥, see Eq. 3.43. They considered the flow of interdendritic liquid through a fixed
dendritic solid network as illustrated Figure 3.40 while accounting for the different densities of the
solid and liquid. This equation is based on a solute balance on avstoatle element inside the
mushy zone. Flemings and emrkers assumed that: (i) local solute diffusion in the solid phase is
neglected, and (ii) the liquid flowing thmgh the volume element is assumed to be well mixed and in
local equilibrium with the solid, i.e. the liquid is not undercooled. These are the same assumptions as
made in the derivation of the Scheil equa]tioThen, the solute concentration in the liquy, is

given as a function of temperature by the liquidus line of an equilibrium phase di&jgane 3.38
according to € = (T - T)/m (where T is the temperature,, Ts the melting point of the pure
solvent, and m is the slope of the liquidus line).

Figure 3.40: Schematic of liquid flowing through a small volume inside the mushy zone. The gray ¢
represent cuts through dendrite arms. Figure inspired by Beckernf4nn

Accounting for advection of solute by the liquid flow in or out of the volureeneht, and for the
different densities of the solid and liquid phases, the following LSRE results:

dc, C, 1 k @ Ri

(3.43)

wherefs is the solid volume fraction, ik the partition coefficienty, is the liquid flow velocity in the
direction normato the isotherms and iR the isotherm velocity andis the solidification shrinkage
described in section 3.7.2.2

In one dimension, mass conservation yields that the liquid velocity needed to feed the solidification
shrinkage is given by:

. E
U ae R 2 R E |
n shrink © q H 1 E (3 44)

Note that shrinkagdriven flow is in the direction opposite to the isotherm velocity, that is, in the
direction of decreasing temperature toward regions of higher solid fraction. Only if the alloy expands
upon solidification, < 0, andu,snink has the same sign RsDefining the flow fD FW R U DV

(3.45)

5

1
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Equation 3.43 can be integrated to yield a modified Scheil equation:
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=L 1 fg KM (3.46)

ZKHUH N DQG DUH DVVXPHG FRQVWDQW BK¥HorSKOVAnmMBPO VLJ
understood a®llows (for k < 1):

x Eq. 3.46reduces to the Scheil equation, implying no macrosegregation if the flow factor is equal
WR XQLW\ 7KHUH DUH WZR REYLRXV FDVHV IRU ZKLFK
a.No shrinkage and no liquid flow normal to the isotherms, j,& 0.
b.When the ligid velocity is just that required to feed solidification shrinkage, i.e.

Un R NE 1 E Or W, = Un-shrink-

x )R U z1, macrosegregation occurs, since the liquid concentrationyaties differently from
that predicted by thestandard Scheil equation. Based on Eq. 3.46, three different
macrosegregation mechanisms and outcomes can be identified.

a.Negative segregation ! R/WR «X- — , or equivalently, W< Unshrink. At the same
solid fraction, ¢ is lower than for LQGLFDWLQJ WKDW QHJDWLYH
result. For the case of t 0O, this condition is met if the liquid flows in the direction of
decreasing temperature toward regions of higher solid fractips ) and with a spead
(absolute value of velocity) that is greater than the shrinkage velQgityu

b.Positive segregation RUWR>-X — ,orequivalently R > U> Uyshrink
At the same solid fraction, CLV KLJKHU WKDQ IRU t positivee QGLFD
macrosegregation will result. This can be rephrased as, both flow in the same direction as
the shrinkage flow, but with a speed less than the shrinkage velocity, as well as flow in the
opposite direction (in the direction of increasing temperature towards regions of lower
solid fractions) result in positive macrosegregation. Examples include centerline and under
riser segregation in steel castings.

c.Local remelting: R.B K This condition is met if the liquid flows in the direction of
increasing temperature toward regions of lower solid fraction and with a velocity that is
higher than the isotherm velocity. Based on Eq. 3.46, such flow results in the adlidrfr
decreasing, rather than increasing, with decreasing temperature. This means that remelting
occurs and that open (solicke) channels can form inside the mushy zone. Once the
casting is solidified, the macrosegregation inside of these channelssitsrgpoSuch
situation is depicted schematically figure 3.41. Assume that a columnar mushy zone
grows at steady state with a velocity R. If a small element of liquid deep in the mushy
zone, where Cis large, moves toward the dendrite tips becayse R, the average
composition in the liquid at this point increases. On the other hand its temperature remains
almost unchanged. From the standpoint of the average compositjgn i@creasing the
liquid composition increases @ at the highest location. If the temperature remains fixed,
this obviously decreases the solid fraction, i.e. local remelting occurs, in order to maintain
local equilibrium at the solitiquid interfacé”. This phenomenon is responsible for freckle
formation often referred to as chahisegregation. More on this topic will be given later in
this chapter.

Figure 3.41: Local remelting inside a mushy zone whep®R. Adapted from [22].
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The direction and magnitude of the liquid flow velocities in the mushy zone depend on numerous
factors. For a given driving force, the permeability of the mush is the single most important
parameter that limits the floW In general, the permeability decreases with increasing solid fraction.
A smaller dendrite arm spacing also reduces the permeabttigyfollowing examples illustrate in

more detail the aforementioned macrosegregation mechanisms.

Inverse SegregationNear a chill facepositive macrosegregation is often obser¥ebhis soealled

inverse segregatiéhis a consequence of the second macrosegregation mechanism discussed
previously. At an impenetrable chill face, the liquid velocity vanishgs=(D). Moreover, the
condition W > U, shink IS @lways satisfied at the chill face, and positive macrosegregation results. If a
gap is present beten the mold and the casting, the setith interdendritic liquid can be pushed

into the gap byhemetallostatic pressure. This is termed exudation and results in even higher positive
macrosegregation at the surface. In direct chill casting of alumimgmts, this macrosegregation can

be so severe that the exuded surface layer must later be removed by scalping the ingot.

A very similar case is seen in Figure 3.4dhere due to the presence of an inner chill a tendency
towards positive segregation is seen. Since acootact chill was applied in this case, we cannot

talk strictly about the inverse segregation but rather just a tendency. This tendency is denoted by the
two black arrows.

~
-

Figure 3.42: Carbon compositional profile in an optimized stealsting. Everything what is white contains
more solute elements than is the nominal composition in the liquid state. The two black arrows emphasize
the tendency towards inverse segregation in areas very close to dnélfs,Industrial report, (Kotas efal.
2010)].

Macrosegregation due to Buoyanapriven Flow. The first and second macrosegregation
mechanisms can be observed simultaneously if the liquid flow pattern in the mushy zone is of a
recirculating nature. This has been demonstrated for the large steel ring casting shown in Figure
3.43.

Figure 3.43: Temperature field with suggested thermal convection profiles at 8, 10 and 12% solidified.
Industrial report, (Kotas et al. 2010)].
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Here, a clockwise recirculating flow pattern is inducechimltquid by thermal and solutal buoyancy
forces.Figure 3.43shows that the flow in the bulk liquid region penetrates into the mushy zone. In

the upper right part of the mushy zone, the flow is in the direction of decreasing temperatudg, (u

i.e. flowing from the liquid area to the mushy zone. According to the first macrosegregation
mechanism, such flow causes negative macrosegregation. The same trend, but less pronounced, is
seen on the casting’s inner side. Negative macrosegregation was indeec:dizathie upper part of

the casting on its both i.e. inner and outer surfaces, as shéigune 3.44

Negative segregation

Figure 3.44: A detailed view on a concentration profile of carbon in the original casting lay¢rgf.
Industrial report, (Kotas et al. 2010)].

Conversely, in the lower part of the mushy zone, the interdendritic liquid flows in the direction of
increasing temperature (u> 0), back into the bulk liquid region. This causes positive
macrosegregation according to the second mechanism. This was agdfiedvby the
macrosegregation profildigure 3.44). Buoyancyriven flow is also responsible for the positive
macrosegregation seen in the riser of large steel castings and ingots, as shown in Figure 3.45. In steel
castings, the interdendritic liquid asten lighter than the bulk liquid and flows up. Thisfigw is in

the direction of increasing temperature, ¢u 0), since the riser is the last part of the casting to
solidify. Consequently, positive macrosegregation results according to the second mechanism. More
on this topic can be found Papers Ill, IV and Industrial Report, written by the author.

Figure 3.45: Macrosegregation profiles for two distinct industrial castingeef. Paper lll, (Kotas et al.
2010)and Paper IV, (Kotas et al. 201Q)White color indicates positively segregated regions.
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Channel segregation. Flow due to thermal and solutal gradients in the liquid leads to formation of
so-called channel segregates, commonly referred to agdyegates or freckles, an example of which
is shown inFigure 3.46

Figure 3.46: (a) Presence of porous areas and channel segregates in a steel casting [paper Il, (Kotas
2010)],(b) Closeup of a single freckl&’.

Freckles have been the subject of intense research efforts for &peard due to their importance

as a defect in alloy casting and the interesting fln@thanical phenomena associated with their
formation. Freckles are chains of small equiaxed grains in an alloy otherwise solidified with a
columnar structure. They argpically initiated by convective instabilities in the hitipuid-fraction

region of the mushy zone near the primary dendrité’tips. when the velocity of the liquid in the

mush exceeds that of the isotherm $uR). During upward directional solidifation into a positive
temperature gradient, the melt inside the mushy zone can become gravitationally unstable due to
chemical segregation of alloy elements at the scale of the dendrite arms. Such microsegregation can
cause local melt density to decrease during solidification if the light alloy elements are preferentially
rejected into the melt (for k < 1), or if heavy alloy elements are preferentially incorporated into the
solid (for k > 1). If the melt overcomes the retarding frictional force in the porous md&aim
mushy zone, convection cells form. Since the mass diffusivity of the liquid is much lower than the
heat diffusivity, the segregated melt retains its composition as it flows upward through the mush into
regions of higher temperature. Thete tmelt causes delayed growth which eventually leads to open
channels, i.e. local remelting due to solid fraction decrease, in the mush through which theckolute

and lowdensity liquid flows upward into the bulk liquid region (according to the third
macrosegregation mechanism). These open channels are associated with local increase in
permeability which allows for the liquid to flow more easily, thus enhancing remelting and
macrosegregation. When the channels eventually freeze, they appear adikgeradihins of
equiaxed crystals that are highly enriched in selu the lateral boundary of the channels, higher

order dendrite arms can become detached from the main trunk, most likely by a local remelting
process. These dendrite fragments either, (1) remain in the channels and grow into the equiaxed
grains later observed as freckles chains or (2) are advected out of the channels by the flow and, if not
remelted completely, may form spurious grains inside the columnar structure or even cause a
columnarto-equiaxed transitiof.

There have been many empirical studies over the years that have attempted to identify the process
variables that influence or drive the formation of channel segregates,ardAttype, primarily in

steel castings and ingots. For instance the work by Suzuki and Miyametealed the effects of
thermal conditions on the formation of-skgregates and found that segregation in an 0.7 wt. %
carbon steel occurs when the product of the solidification rate and cooling rate are loeldaina

value. They also discovered that channel segregates are initiated in areas with a solid fraction
between 0.3 and 0.35. Suzuki and Miyamoto also reported that the tendency todegreyates in

steel ingots increased for larger heightiameterratios of the mold. Since this ratio controls the
extent of cooling on the sides versus the bottom of the ingot, it was deduced that when the rate of

87



solidification is large in a direction perpendicular to the buoyancy driven flow (large HMD), V
segregatin is promoted. Later on, this theory was supported by showing tiad YAsegregates can

be eliminated by unidirectional, vertical solidification, i.e. where solidification proceeds in the same
direction as the solute enriched liquid. This is exactly iy types of channel segregates occurred

in the large steel forging ram depictedrigure 3.46(a)(refer toPapers Il and Ill). In the original

casting arrangement, i.e. prior to the numerical optimization, the bottom of the casting was not cooled
what®ever, while the entire height of the cylindrical section was surrounded by the chill bricks,
leading to pronounced cooling perpendicular to the buoyancy driven flow, thus promoting
segregation. An additional supporting case experienced by the authdravvadén large steel rings

were cast, channel segregates occurred in those with large heights. For those problematic rings, a
cooling/chilling system had to be entirely reworked to induce and support a favorable solidification
pattern to minimize the segation issues, sdadustrial report . Frawley (1981) discovered that the
formation of channel segregates can be further eliminated by increasing the amount of the mold taper
in steel ingots, i.e. having larger top diameter as compared to the bottom diameter of fie ingot
Nowadays, this has been a common method in ingot casting to find the most suitable taper of the
ingot to reduce segregation issues, i.e. channel segregates or/andisemdsegregatioh The
importance of proper thermal conditions @mmhation of segregation but also centerline porosity is
also known in the steel foundry industry in shape casting, where there is an interest in selecting the
proper insulation and toppings for casting risers or shapes of the risers to minimize the
aforementioned problems.

Since the formation of channel segregates is due to buoyancy driven flow, the types and amount of
the various solutes present in the melt has a significant effect on the formation of macrosegregation.
These solutes can be either alloying elements or residual elements present through the remelting of
scrap. One example is provided in the earlier mentioned work of Suzuki and Miyamoto (1981) who
observed that the addition of 1 wt. % molybdenum to 0.7 wt. % carbon steel significantly réguced t
occurrence of Asegregaté& The alloying elements nickel, chromium and vanadium, however did

not have much influence on the formation okégregates. In the same steel, increasing the silicon
content from 0.1 to 0.5 wt. % substantially increased the extensefjfegates.

Clearly, the onset of freckling depends on the complicated interplay of the stabilizing thermal
gradient (G); the speed of the isotherms (R) relative to the flow velocities; the structure and
permeability of the mush, which, in turn, depend on the casting conditions G and R as well as on the
variation of the solid fraction in the mush; the variation of the liquid density in the mush and, thus,
the segregation behavior of the solutes as a function of the alloy composition anccabtdifpath;

and the casting geometry and growth direction relative to gravity. Copley’suglgested a criterion

for freckle formation that is based on a critical cooling ratej.e. the product of imposed casting
speed,R, andtemperaturggradient,G), below which freckles are likely to form (if 3 below a
certain critical value) One could thus argue that in this regard centerline porosity and channel
segregations follow a similar trend although; they are not necessardyngalvby the same physical
phenomena. It means that in principle enhanced thermal gradients which in essence decrease the
extent of the mushy zone, and progressive directional solidification with sufficiently tapered pool of
liquid metat® should decrease the risk of both of these defects. This statement is well supported in
the work by the author; refer ®aper Il andIndustrial report, enclosed at the end of this thesis.
Pollock and Murphy performed directional solidification experiments usingbiisesuperalloys.

They found a strong correlation between the primary dendrite arm spacing and freckle initiation, and,
for one superalloy, the critical spacing above which freckles form was found to ben32dwever

for superalloys, the primary spacing has been experimentally found to be well correlated 8
lending support to Copley et al. as well.

Several investigators have attempted to interpret their experimental results in terms of a non
dimensional mushy zone Rayleigh rhef™ ®2 The Rayleigh number measures the ratio of the
driving buyoancy force to the retarding frictional force associated with the permeability of the mush.
Beckermann and Glideveloped a Rayleigh number based criterion for predicting the formation of
freckles in Nibase superalloy castings. This criterion relies on finding the maximum local Rayleigh
number in the mush, where the ratio of the driving buoyancy force to the retarding frictional force is
the largest. They discovered that a maximum valubeRayleigh number for freckle formation is
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reached at a fairly low volume fraction of solid, approximately around 0.25. If the Rayleigh number
in a superalloy casting is below this critical value, freckles are not expected to form because the
driving force for convection is not large enough, whereas above this value, the average permeability
is too low. The main advantage of a Rayleigh number based criterion for freckle initiation over the
aforementioned purely thermal criteria is that the influence lloff aomposition is taken into
consideration. For a review, refer to Beckermann &t al.

We will conclude this section with two final remarks about freckle formation. Freckles initiate in
regions of the mushy zone where the permeability is the largeskl€s are most likely to start at

the location of the largest primary spacing where the resistance to interdendritic flow is low. This
also explains why freckles are very often observed at the surface of a casting, where dendrites can be
seen to divergerém it. The microstructure there is thus naturally more permeable due to the
branching mechanisms that are necessary to fill the space.

In large ingots, where the interdendritic liquid is less dense than the initial liquid, cooling from the
side and the bottom will induce-ghaped isotherms. The flow moving upward will have a tendency
to take the easiest path, i.e., move in the direction of the liquidus from the point of initiation. This
leads to saalled Atype segregate channels, which are simply inclined frekles

Case study | — Forging ram

This case study presents findings from numerical simulations of solidification and thermal convection
in a large steel forging ram shown in Figure 3.47. The main objective of this study was to try to
accurately predt the effect of the solidification pattern on freckle formation. It is still not possible to
accurately capture and predict freckle formation just by the overall macrosegregation profiles using
commercial casting oriented software packages. This is atieet necessity of an extremely fine
mesh, i.e. it is an extremely computationddBavy calculation especially for large castings. For this
reason simulation of thermal convection was applied to identify the flow instabilities within the mush
which then éad to freckling. Due to improper cooling/ chilling of the cylindrical section, the thermal
gradients were very shallow, sEgure 3.10(a) and an unfavorable temperature distribution caused
choking of the liquid poolFigure 3.10(b)which eventually redted in porosity Figure 3.10(c)and

3.21.

Figure 3.47: The cast part used in Case Study |, and the initial casting layout. The casting is indic
red, chills indicated green; insulation is denoted dark bjyeef. Paper lll, (Kotas et al. 2010)].

Due to the presence of very shallow thermal gradients, the mushy zone of the solidifying metal was
very extensive, sekigure 3.48. As it was argued before if the stabilizing thermal gradient is very
low it affects also the cooling rate which if it is lowpromotes freckling. This could be rephrased as
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follows: if directional, progressive and pronounced solidification is not provided, the interdendritic
liquid in the mush behaves “chaotic” and the buoyancy forces will “win” over the retarding frictional
forces and freckling will be enabled. So the solidification pattern should be established so that it
exhibits a direction, progressiveness and so that the thermal gradients are increased. In this way, the
extent of the mushy zone will be decreased; morediais will be nucleated and present in the
mush, lowering the permeability of the mush and hence imposing larger resistance to this “chaotic”
interdendritic flow.

Figure 3.48 is a plot of the predicted convection patterns in the bulk liquid and mushy zones during
solidification, namely at 7, 11 and 20% respectively. The vectors indicate the direction and velocity
of both, the liquid and the mush during solidification. Based on this information one can estimate
whether channel segregates will form or not, and where. In essence, just due to density changes the
solidifying elements in the mush have higher density than the liquid in the central areas and thus they
will sediment down and push the lighter liquid upwards. However, if a strong upward flow \uithin t
solidifying mush occurs this could indicate that a narrow channel has been opened, local remelting
has occurred and highly segregated liquid can flow through, giving rise to a freckle. Indirectly it
implies that the cooling ability of the surrounding chills is poor to retain steep thermal gradients and
thus to prevent upward, localized flow. Obviously in practice it is nearly impossible to completely
avoid channel segregation since the geometry of the casting together with the shape of the chills and
of the riser would have to be designed extremely well and still it would not be 100% sure that no
problems would occur. Nevertheless, by establishing a proper directional and progressive
solidification pattern, potential freckles can be either pushed deethantasting so that they do not
show on the surface during machining operations or, get partially eliminated. The highest priority
should always be to eliminate freckles due to the fact that their microstructure is totally different from
the surroundingsFreckles are characterized by equiaxed grains, while the surrounding areas are
mostly composed of columnar grains. Therefore, freckles represent narrolkeaaietas inside the
casting with deteriorated mechanical properties as compared to the simgsuiidhen considering

that most castings and this steel ram in particular are subsequently loaded during the life service, all
of a sudden these yet hidden freckles may promote cracking of even an ultimate failure of the cast
parts. Problematic areas twia high risk of freckles are implied by black arrows in the figure. As
compared to the casting trial depicted in Figure 3.46¢alite good agreement with the numerical
prediction of freckles has been found.

N TN -
\ /
—
Fig. 3.48: Convection patterns ahvelocity vectors at 7, 11 and 20% solidified, [ref. Paper lll, (Kotas et al. 2010)].

To demonstrate that the numerical simulation of thermal convection can provide accurate results,
Figure 3.49has been used. In that figure the convection pattern from 20% solidified is overlapped by
the photo obtained from the casting experiment. It suggests that indeedsé¢igeefates match well

with those numerically predicteffigure 3.50shows the predicted carbon macrosegregation pattern

in the completely solidiéid casting placed on top of the photo of the sectioned casting, Ridile

3.45(left) shows the numerical predictions for the entire cast part. It can be seen that the strong flow
has created a carbon rich region in the centre of the casting. It affirms that areas solidifying last, i.e.
the hot spots, will be rich in solute elements. These elements have been rejected and pushed away to
the remaining liquid by the progressing solidifying front due to their lower solubility at decreasing
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temperatures, caugj positive segregation in the last area to solidify. Due to the isolated liquid pool
which has also been a hot spot, all solute elements ended in that region with nowhere to escape,
causing positive segregation.

/

Fig.3.49: Comparison of the numerally and Fig. 3.50: Calculated and experimentally obtaine
experimentally obtained information regarding -A final C macrosegregation pattesn[ref. Paper Ill,
segregates in the steel castifgef. Paper Ill, (Kotas (Kotas et al. 2010)].

et al. 2010)].

These macrosegregation predictions have been compared with the experiment, i.e. samples from the
central region have been analyzed with respect to solute composition, and a reasonable agreement has
been found. It can also be seen that thehsped segregatdsat formed in the real casting, seen in

the photo in Figure 3.46(a)natch very well with the predicted pattern which also resembles a V
shape. This might however be a coincidence as the resolution of small scale macrosegregation
features such as-Aor V-segregates in large castings is still beyond the current capabilities of the
macrosegregation model in the applied software.
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Case study Il — Steel ring

The second case study is based on the findings listed in Industrial report I. The objective of this
project was very similar to the first case study, eliminate the presence of freckles inside the steel ring
seen in Figure 3.51, and at the same time, propose a way how to increase the casting yield. However,
even after the yield optimization, the overall kifyaof the casting had to remain superior, i.e.
concentration profiles, freckles, shrinkage porosity and hot tears had to be avoided. The procedure
was the same as in the first case study, i.e. at first try to accurately identify where and why the
freckles would form and secondlif they appear, find a way how to eliminate them. The results from

the second objective are discussed in the chapter dedicated to optimization. Standard convection
calculation was applied for identifying the freckle formationdaghe casting.

Figure 3.51: Original casting arrangement with its rigging, [ref. Industrial report, (Kotas 2010)].

In Figure 3.52 potential initiation sites for Aegregates, i.e. freckles are indicated by the black
arrows. A sudden upwamtented fow in the mush suggests that the permeability of the mushy zone

got decreased and that the interdendritic liquid rich on solute elements is enabled to float up. This
means that the buoyancy force causing this flow overruled the retarding frictional force and made the
interdendritic liquid flow up as explained earlier in the text. Moreover it is observed both with the
numerical results and with experimental findings in Figure 3.53 that the inner surface of the ring will

be more prone to freckling due to suppressed heat removal compared to the outer surface meaning
that the inner core will heat up fast due to the “converging” heat transfer. As one could see, a
relatively good agreement with reality was achieved using the convection profiles during
solidification.
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Figure 3.52: temperature profiles and convection patterns in a solidifying steel ring casting at 8, 10, 12, 14,
20 and 306 solidified. Black arrows indicate potential initiation sites for freckles [ref. Industrial report,
(Kotas 2010)].

It must be noted that it is practically impossible to fully eliminate issues with channel segregates or
with macrosegregation in general. The geometry of the casting would have to be designed extremely
carefully and well, moreover process and working patams would have to be extremely precise

and well selected and last but not least, nothing would have to go wrong during the melting and
pouring process of the casting itself. For this reason, foundry technologists generally try to design the
casting geometry and the casting process in such a way that the channel segregates are pushed
inwards and partially eliminated by a proper solidification pattern so that they do not appear on the
casting surface after machining. If they are present on the surfacestithe@an be removed by
welding operations, although this gets very costly if large amount of freckles are present. Such a case
is depicted inFigure 3.54 where freckles were spotted on the surface after the top riser has been
remover. These black dots were among others a cause for rejection of this particular casting. The
optimized solution will be shown and discussed in the chapter dedicated to numerical optimization.
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Figure 3.53: (a) longitudinal cut through the steel ring with highlighted-gegregates, (b, temperature
profile and the convection pattern in a solidifying steel ring casting at 40% solidified, the black ai
denotes a good agreement with the experimental results regarding teeghegates (c) cut through the &s
showing the pronounced macrosegregation and also porosity and (d) a detailed view ondbgrégated in

the riser area, [ref. Industrial report, (Kotas 2010)].

Figure 3.54: Transverse cut through the undeiser area of the steel ring denoting theppearance
of channel segregates as black dots, [ref. Industrial report, (Kotas 2010)].
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Chapter 4
4. Optimization

4.1.Introduction

Let us start this chapter with a simple question, what is optimizatiotihi@gtion in general may be
assumed as an attempt of finding an optimal or the best solution(s) to meet under some limitations a
given objective(s) either in a trialkderror or a systematic wayOptimization has played a big role

since the dawn of creation and has been found in literally all fields, disciplines and activities of
mankind such as daily life applications, the field of mathematics, engineering and operations research
or being presented by so many brilliant examples in nature. People hays atrived, or they have

been forced to optimize ways of doing things, working procedures, life styles and habits to make their
lives easier, earn more money, become successful or just to survive. The same principles apply to
nature around us where only the fittest survive.

Nature is a great inspiration and a teacher in optimization for scientists, engineers, or whoever
interested in improving any kind of design, process or schedule, etc. More specifically, e.g. in
structural optimization, a number of fiefent optimization and search algorithms mimicking
evolutionary principles, i.e. selection and survival of the fittest, has been developed. For instance one
could mention genetic algorithms (GAs) which are motivated by the principles of natural evolution
These principles are then borrowed and used artificially to construct search algorithms that are robust
and require minimal problem information and which are then able to solve various search and
optimization problems of science, engineering and commerce

Let us leave nature and restrict ourselves only to engineering activities and to casting processes in
particular. One may realize that this manufacturing process has gone hand in hand with optimization
for ages. Metal casters have always been improviaegy tayouts with an intention of satisfying the
customer’'s needs, saving material, increasing mechanical properties and production rate, or
eliminating scrap percentage to win over the competitors. However, for many years, even centuries,
optimization of casting processes has been solely based on intuition, experience andidhetriak

method. If optimization failed, a foundry instantly ended up with a financial loss. Therefore, much
money and resources have been invested into research and developmetdr to understand
“mysterious” physical phenomena behind the casting process, which directly influence quality of
castings. A lot of important phenomena taking place during casting were described and understood
over the last century which, in turnshded to a substantial increase in the quality of foundry
processes and of the final casting products. However, optimization was still only manual and intuitive
and a lot of castings got spoiled, rejected and wasted as a result. For this reason ped@lmdrgym
industry started calling for a development of any reliable numerical simulation tool which would
simulate casting processes virtually on a personal computer, evaluate and reveal potential
shortcomings before any money would be lost in a real gralduction. Implementation of such
numerical simulation software has been a significant threshold in the history of foundry industry. The
same applies to optimization; even though it was still based on tharndalror method at least, all

of these “inproving” trials and efforts started to be performed virtually without remarkable financial

or material loss.

Twenty years after the introduction of simulation software for foundries into the industry, casting
process simulation has become an accepted tool for process and desigih lay

Metal casting process simulation is used to provide detailed information about the mold filling,
solidification and solid state cooling, heat treatment and with that, also information about the local
microstructure, nommiform distribution of mechanical properties and subsequently residual stress
and distortion buildip®®. Moreover, physical modeling and simulation of core shooting, binder
hardening and binder degradation during casting is now possible to catrfasing simulation
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tries to use physically realistic models without overtaxing the computer. At the same time the
simulations need to give applicable results in the shortest time possible.

Due to the multitude of factors affecting the quality of castings and the complex interactions of
physics, metallurgy and casting geometry, empirical knowledge is still the main source on which
“optimized manufacturing engineering” is based. Foundry simulation can quantify experience but
unfortunately, it can only test onestate” or layout. It provides insights into the root causes of
problems, while conclusions from calculations or subsequent optimization still require an engineer’s
interpretation and decision after each of the simulation runs. This means that a continuous
improvement involves “trial and erroerboth in reality and in simulation.

In recent years the use of simulations software has increased and is now integrated with parallel
processing computers. It is feasible to calculate numerous versions and layouts in almost unlimited
configurations. The advantage of having such short calculation times can only be utilized providing
that a computer can automatically evaluate different combinations of design variants with respect to
predefined objectives (e.g. maximum feeding, low porosity, low air entrapment etc.) and
subsequently produce new variants and analyze them in the same manner to achieve the optimal
solution. By integrating such software for casting process simulation with an optimization algorithm,
GA for insance, a computer based optimization tool is established which is able to determine optimal
values for usedefined design variables thereby optimizing a given casting process with respect to
the objective¥.

Autonomous optimization uses the simulation tool as a virtual test field. By modifying pouring
conditions, gating designs or process parameters, the software tries to find the optimal route to fulfill
the desired objective(s). Several parameters can be changed at the same time and be evaluated
independently from each other. Autonomous optimization tools combine the classical approach of
foundry engineers, to find the “best compromise” with validated physics. This not only further
reduces the need for trial runs to find the optimal process window,|dutabows an irdepth
evaluation of many parameters and their individual impact on providing a robust process.
Subsequently such system can readily provide optimal solutions for any kind of casting pro€esses

In this chapter, it is intended to givébasic overview of one particular optimization technique called
multi-objective genetic algorithms which have been applied for casting process optimization during
this PhD study. Genetic algorithhand mainly the MultObjective Genetic Algorithm8(MOGA)

for handling multiple conflicting objectives have been applied, because they are incorporated in the
software called MAGMArontier which is the adan optimization module of a commercial casting
solidification software package MAGMAsBftOne should bean mind that there are other multi-
objective optimization techniques and algorithms, e.g. MOBANSGA® or NSGA1?! (successor

of NSGA), that would suit our purposes the same as MOGA; maybe even better, nevertheless these
are not discussed here. eatin the chapter, several industrial case studies are presented to
demonstrate how multibjective optimization can be effectively utilized in solving various casting
procesgelated issues.
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4.2. Genetic algorithms

In this section, working principles of genetic algorithms is first described. The theory is demonstrated
on a simple foundryelated case study concerning optimization of a riser volume. Thereafter, a
discussion on how to apply and utilize nubjective optimization in which several conflingi
objectives are present, in daily engineering problems will be given.

4.2.1. Genetic algorithms-working principles

Genetic algorithms (GA) are computerized search and optimization algorithms developed by
mimicking the evolutionary principles and chromosomal processing in natural genetics. A GA begins
its search with a number of solutions, collectively known as a population of solutions, usually created
at random within a specified lower and upper bound on each design variable, e.g. a height of a riser
should not exceed 1000 mm and not drop below 400 mm. Since GAs work with a set of solutions
(population) instead of a single point as in gradient based (classical) methods this gives an
opportunity to attack a complex problem (discontinuous, noisy, -matiial, etc.) in different
directions allowing the algorithm to explore as well as exploit the search space. This capability gives
an advantage for having a more robust search strategy compared to traditional algorithms. Since
genetic algorithms do not needyagradient information, they are very suitable for blhok- (e.qg.
commercial software) optimization applications. Moreover, compared with classical optimization
strategies based on gradient methods, genetic algorithms can effectively utilize distributed computing
facilities because all individuals (designs) can be computed independently. Due to their population
based search strategy, they have been very popular for theQbjdtitive Optimization (MOO)
problems, often having conflicting objectives reisigitnot only in a single optimum solution, but in a

set of tradesff solutions (Paretoptimal set) The availability of tradeff solutions, representing
varying preference levels between chosen objectives, makes it easier for a user to choose a particular
solution for subsequent implementafitii. A flowchart of the working principle of a simple genetic
algorithm is shown ifrigure 4.1.

Figure 4.1: A flowchart of the working principle of genetic algorithms. The ndeminated sorting is
implemented just in case of multibjective optimization problem. Figure inspired by Db

4.2.1.1. Representation

In classical genetic algorithiis(Goldberg, 1989), the internal representation is based on binary
encoding that each design variable is representedb@gary string, i.e. 0100, 1101101, etc., where

the length of the string depends on the desired accuracy for each design variable. Therefore in order
to find the optimal values from the set of design variables, e.g. diameter and height of a riser which
are used to evaluate the objective function, it is necessary to represent the parameter values in binary
strings. For instance, a casting riser of diameter 50 cm and height 110 cm can be represented by the
following string 110010, 1101110, respectively. Since the representation of a solution or a variable in
a genetic algorithm is similar to a natural chromosome and GA operators (which will be discussed
later) are similar to genetic operators, the above procedure is named “genetic algorithm”. It is
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importantto mention that the binaryading of the design variables in not absolutely necessary. There
exist some studies where GAs are directly used on the variables themselvesaltedseaicoded

genetic algorithm@ 32 however these are not discusseceh@ifter this, each member of the initial
population, in our case each technological solution is sent into the casting simulation software
MAGMAsoft®, which performs standard casting simulations for all the designs. When this is done,
the user would have, let us just say 100 distinct casting layouts, completely analyzed. But there
would be no information as to which design is better or worse.

The user himself would have to check each design manually and find the best one from those 100
layouts. This is obeusly not an effective way of doing things. In a GA instead, each design created
either in the initial population or in the subsequent generations must be evaluated in terms of the
predefined objective functions and constraints. In other words, it mastseesed how well it meets

the predefined objective(s) and whether it does not violate the constraint(s). For example when the
minimization of the riser is our objective semure 4.2(left), each design must be evaluated with
respect to the optimization objective, i.e. the minimization of the riser volume, and designs with low
riser volumes are regarded better. Then the designs or solutions are sorted by the GA (say from best
to worst) in the population. Often, such an ordering can be established bpgceeatalvalued

fitness function derived from objective and constraint vafuéssolution is usually called better than

the other, if its fithess function value is bett&gain, the fithess value indicated how “fit” a given
design is with respect the objectives and constraints, how well it fulfills thérhis analogy can be
understood from Figure 4.2(right) where our riser volume optimization problem is schematically
shown. One can see the initial population of all considered riser shape variants. Moreover now, each
riser design is equipped with a number representing its fitness, i.e. the objective function (riser
volume). Since the objective function, in our case, is to be minimized, risers with lower volumes are
ranked or assumed better than thg dmes. We can say that the designs have been sorted. Up till
now, only a singl®bjective optimization has been assumed. For robjective optimization
problems, one of the ways to achieve the ordering is to sort the population based on the domination
principle proposed by Goldbéfg1989).

w— \

Figure 4.2: (left) The steel forging ram for which an optimal riser design with the lowest volume is sought by
optimization techniques, see Papers Il and Ill, (right) a random population of six top risersésaigd by GAs.
Each riser design is assigned with a fithess value representing how well it fulfills the objective function.

Most engineering design activities require a solution of robiective and multdisciplinary
optimization problems. When mulbbjective optimization is utilized, the user defines not only the
degrees of freedom for the process parameters, i.e. ranges of variation, but also a number of objective
functions, each of which may have a differgmtividual optimal solution. It is very ecomon, that
engineers have to deal with multiple objectives which are conflicting to each other, and are to be
either minimized, maximized, or a combination of these. It means that a satisfaction of one objective
leads to a sacrifice in the other one. Tbisen results in having multiplérade-off solutions
associated with different amounts of gaargl sacrificesamong multiple criteria, providing that the
objectives are conflicting. One common example of two conflicting objectives in foundry industry is
to fill the mould as fast as possible to increase the production rate and simultaneously to keep the
flow uniform and smooth without surface turbulence to promote good quality of the given cast part.
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In case of singl®bjective optimization problems, it isasier to identify the optimal solution as
compared to the case of Mullbjective Optimization (MOQO) where there is more than one criterion

to investigate and satisfy, hence more than one best (elite) solution to consider. Because in case of
conflicting objectives, in general, the best solution for one objective is the worst solution for the other
objective.

As it was put forward by Goldberg'if we refuse to compare apples to oranges, then we must come
up with a different definition of optimality, onédt respects the integrity of each of our seperate
criteria” which points out the concept of Pareto Optimality, correlated to the fundamental concept of
domination. Since the concept of domination allows a way to compare solutions with multiple
objectivesmost MOP algorithms use this domination concept to search fodemmimated solutions,

i.e. the ones that constitute the Pafetot as shown irigure 4.3(c) This concept can be explained

with a simple example in a 2D objective space, in which thenmation of both objective functions

(i.e. f; and %) is considered, as shown in Figures 4.8Jain Figure 4.3(a) pointl representing a
solution or a design which splits the 2D objective space into two zones: the first zone (the shaded
region); the sebf the points dominated by poifif and the second zone; the set of points not
dominated by poinl (the remaining three quadrants), i.e. the dominated or noninferior set of
points. Thus, the two conditions stated below need to be satisfied Hlpdamhinates point, where

pointi is any other design point in the objective space

X point1 is no worse than poHnin all objectives.
X point1 is strictly better than poirtin at least one objective.

These two statements give a general descriptioth®ocomparison of the two solutions in terms of
"betterness"”, hence emphasizing the applicability of this comparison for other types or combinations
of conflicting objectives besides the minimizatiominimization type as shown Figures 4.3(ae€),

i.e. maximization - maximization, maximization -minimization as well as minimization -
maximization. . In case of the aforementioned minimizatmimization problem, it is formulated

as follows’ %

CJof0) dfi(x) (ke () fi(%) (4.1)

where x represents poirt in Figure 4.3(a)and % represents any design peinn the same 2D
objective space. Eqg. 4.dan be put in words as; at least)(in one objective, desigh-is "strictly
less" than desigi while in others ( ) they might be equal.

In case of having a population composed of e.g. five points as shdwgune 4.3(b), a need for an
overall relation of dominance arises, i.e. the-tnene comparison made for poihtshould be
generalized for each point. Figure3(b) shows the distribution of these five points together with
their domination regions which are distinguished with different tones of colors and it is clearly seen
that point4 dominates point&, 2 and 5 with respect to all objectives, while p@rdominates all
other points (i.e. strictly better) only with respect to the first objective for the given distribution.
However, since point8-and 4 are not dominated by any other points, they constitute the non-
dominated front which is also called the Ras@ptimal front, see Figure 4.3(cjn an MOO context.

A similar comparison will reveal that poidtand poirt5 constitute the next domination front which

in itself is dominated by the Pareto front and shown as the closest dashed line to the Patato front
Figure 4.3(c)*.
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Figure 4.3(a): The two separate setsdrigure 4.3(b): Each slution in a Figure 4.3(c): The dominated
of solutions defined with respect topopulation has its own sets ¢ and nondominated (Parete
point-1: i) the set of dominatec dominated and nordominated optimal) fronts [1].

solutions (the shaded region), ii) thesolutions(inspired by [34]) [1].

set of nondominated solutions

(adapted from [19]) [1].

After the population members, i.e. various technological solutions aleated and sorted with
respect to their fitnesshé next step is to select the good solutions, i.e. to emphasize the non-
dominated members, for the next generation.

4.2.1.2. Reproduction

Reproductionis usually the first operator applied on a populatibhe primary objective of the
reproduction operator is to select good solutions and to form a mating pool and to eliminate bad
solutions in a population, while keeping the population size congtardlassical GAs. This is
achieved by performing the following tasks:

x ldentifying good (usually abovaverage) solutions in a populatiaith respect to the fitness
function.

X Making multiple copies of good solutions.

x Eliminating bad solutions from the population so that multiple copies of good solutions can be
placed in the population.

There exist a number of ways to achieve the above tasks. Some common methods are tournament
selectio®, proportionate selection, ranking selection, and others (Goldberg & Deb*1981he
following, we illustrate the binary tournament selection. As the name suggests, tournaments are
played between two solutions (technological designs) and the better solution is chosen and placed in
a population slot also referred to as a mating pool. Two other solutions are picked again tzerd anot
population slot is filled up with the better solution. If done systematically, each solution can be made
to participate in exactly two tournaments. The best solution in a population will win both times,
thereby making two copies of it in the new popiola Similarly, the worst solution will lose in both
tournaments and will be eliminated from the population. This way, any solution in a population will
have zero, one, or two copies in the new popul&tion

Again, assume the case where we would likedasigh a casting with a riser which has the lowest
possible volumeRigure 4.2). Figure 4.4shows the six different tournaments played between the old
population members (each gets exactly two turns) shown in Figure 4.2(rightgn risers with a

cost of 25units and 29 units are chosen at random for tournament, the riser costing 25 units is chosen
and placed in the new population, because we want to minimize the cost. Both risers are replaced in
the old population and two risers are chosen for other towmanm the next round. This is how the
mating pool, i.e. the blue area in Figure 4.4, is formed and the new population of designs (risers) is
stored there.
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Figure 4.4: Tournaments played between six population members are shown. Solutions which tave w
their tournaments found themselves within the dashed box which represents tremalkml mating pool.
Figure adapted from DeS.

It is interesting to note how better solutions (having lesser costs) have made themselves have more
than one copy in the mepopulation, i.e. risers 25 and 24, and worse solutions have been eliminated
from the population, i.e. risers 29 and 35. It can be concluded that the reproduction operator cannot
modify any designs in the population. It only makes more copies of good solutions at the expense of
notso-good solutions. This is precisely the purpose of a reproduction operator.

4.2.1.3. Crossover

The crossover operatoris next applied to the solutions, i.e. riser designs, which won their
tournaments and found themselves inreging pool. Unlike the reproduction operator, creation of
new solutions is performed in crossover and mutation operators. Just like the reproduction operator,
there exist a number of crossover operators in the GA literature (Spears & De Jori§ To@1)
classical (singlgaoint) crossover is a welknown genetic algorithm operator in which two parents
(individuals or designs from the mating pool) are randomly chosen and some portions of these binary
strings are exchanged between each other. In a single ggossover operator, the crossing site is
randomly chosen and all bits on the right side of the crossing site are swaspathown
schematically irfFigure 4.5.

Figure 4.5: Schematic procedure of singf@oint crossover. Two parents are chosen frahe mating pool
to create two new children. Explanation, binary strings and real values next to them, obtained
decoding are all schematically given. Figure inspired by Tutum

The crossover operator can be well illustrated by picking two soluttafied parents) from the new
population created after a reproduction operator, i.e. those designs placed in the mating pool in
Figure 4.4. The process creates two new solutions, i.e. riser designs (called children).

Notice that when the crossover operatiaas performed in Figure 4.%e have been quite lucky and

have created a solutionGhild 1 (22 units) which is better in cost than both parent solutions, i.e. it
fulfills the optimization objective better than its parent solutions. One may wonder whether if another
cross site was chosen or two other solutions from the mating pool were chosen for crossover, we
would have a better child solution every time. It is true that every crossover between any two
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solutions from the new population is not likely todfiahildren solutions better than parent solutions;
however, the likelihood of creating better solutions is far higher than random. This is because parent
solutions being crossed are not just any two arbitrary random solutions, they have already survived
tournaments played with other solutions during the reproduction phase. Thus, they are expected to
have some good bit combinations in their string representations. Since apsimglerossover on a

pair of parent solutions can only create | different sotupairs with bit combinations from either
solution, the created children solutions are also likelyoe good solutions. If bad solutions are
created, for instance our Child 2 in Figure 4.5, they will get eliminated in the next reproduction
operator and hence have a short life. When a good solution is created, since it is better, it is likely to
get more copies in the next reproduction operator and it is likely to get more chances to perform
crossovers with other good solutions. Thus, more solutionskafg to have similar chromosomes,

i.e. properties, like it. This is exactly how biologists and evolutionists explain the formation of
complex life forms from simple on&s™. In order to preserve some good solutions selected during
the reproduction opetar, not all solutions in the population are subjected to crossover. If a crossover
probability ofp. is used then 10Qp6 solutions in the population are used in the crossover operation
and 100(1 p.) % of the population is simply copied to the new pojare

4.2.1.4. Mutation

Themutation operatoris applied to a single solution to create a new perturbed solution. This means
that itchanges a 1 to a 0 and vice versa with a small mutation probabilityyi@tation probability

is the probability of perforing a mutation operation. This refers to, on average, the proportion of
decision variables participating in a mutation operation to a solution. A fundamental difference with a
crossover operator is that mutation is applied to a single solution, wheraasnabgover is applied

more parents are involved. The mutation operator can be said to be responsible of the local search as
well as maintaining the diversity in the populafforin other words, mutation can make local
improvement of one particular solomi. Figure 4.6shows how a solution obtained after reproduction

and crossover operators has been mutated to another solution. In our case when talking about casting,
the child represents a slightly different riser shape and volume as compared to its parent

Figure 4.6: An illustration of the mutation operation. The third, fifth and sixth bit are mutated to create
a new string. Figure inspired by Déh

To summarize the benefits of these three operators, one could say that the reproduction operator
selects good solutions and the crossover operator recombines good substrings from two good
solutions together to hopefully form a better substring. The mutation operator alters a solution locally
to hopefully create a better solution. Even tough none of tHasascare guaranteed and tested

while creating a new population of solutions, it is expected that if bad solutions or designs are created
they will be eliminated by the reproduction operator in the next generation and if good solutions are
created, thewill be emphasized and further improved.

After the application of reproduction, crossover and mutation in the whole population, one generation
of a GA is completed. The new population is further evaluated and tested for termination. If the
termination ctierion is not met, the population is iteratively operated by the above three operators
and evaluated. This procedure is continued until the termination criterion®s met
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4.2.2. Principles of multi-objective optimization (MOO)

In the context of multbbjective optimization, the extremist principle of finding the optimum solution
cannot be applied to one objective alone, when the rest of the objectives are also important. Different
solutions may produce traddfs (conflicting outcomes among objectives) carg different
objectives.

A solution that is extreme (in a better sense) with respect to one objective requires a big sacrifice in
other objectives. In relation to our riser volume optimization problem one could picture an extreme
solution as follows: Our two conflicting objectives are to minimize the riser volume as much as
possible and to minimize the presence of porosity in the casting. An extreme solution to this problem
could be for instance total preference of the sound casting with minimum porosity but with a big riser
that ensures zero porosity or, vice versa,Pageers I, 11l in the appendix for a complete case study

on this topic. This prohibits one to choose a solution which is optimal with respect to only one
objective. This clearly suggestsddeal goals of mukobjective optimizatiofr:

1. Find a set of solutions which lie on the Parepdimal front, and

2. Find a set of solutions which are diverse enough to represent the entire range of the Pareto
optimal front.

However, one fundamental diffetee lies between singlend multiobjective optimization. In a
singleobjective optimization problem only one solution is evaluated the best while in the multi
objective optimization problems a whole group of wominated Pareto solutions is provided to a

user. From a practical standpoint a user needs only one solution, no matter whether the associated
optimization problem is singler multi-objective. The user is now in a dilemma. Since a number of
solutions are optimal, the obvious question arises:cWlif these optimal solutions must one
choose? This is not an easy question to answer. It involves féyle¢information which is often
nontechnical, qualitative and experiergdeven. However, if a set of many trad#f solutions are

already worked out or available, one can evaluate the pros and cons of each of these solutions based
on all such nortechnical and qualitative, yet still important, considerations and compare them to
make a choice. Thus, in a muiidjective optimization, ideally the effomust be made in finding the

set of tradesff optimal solutions by considering all objectives to be important. After a set of such
tradeoff solutions are found, a user can then use highe qualitative considerations to make a
choice. This methodolggfor handling multiple conflicting objectives can be summarized in the
following two step¥*

Step 1 Find multiple nodoeminated points as close to the Pamiomal front as possible, with a
wide tradeeff among objectives.

Step 2 Choose one of the aioted points using highéevel information.

Figure 4.7 shows schematically the principles, followed in an MOO procedure. Obviously step 2 can
be disregarded in case of a singlgective optimization problem, because only one preferred or the
“most optimd’ solution is found already in Step 1.
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Figure 4.7: Schematic of a twstep multiobjective optimization procedure. Figure inspired by B&b

4.3. Optimization of thermal behavior of large steel castings

In this section, several mulbbjective optimization case studies are presented. Since thermal aspects
and phenomena play a major role in obtaining high quality castings and a large number t&rall so-
known defects are also related or driven by thermal processes, the major emphasis has been put on
optimization of the thermal behavior of these large castings with an objective of increasing the
overall quality of the castings. It will also be shown how complex phenomena such as
macrosegregation, channel segregates and hot tearing can be effectately aeld eliminated by

simple optimizing solidification patterns. The entire work, both modeling and optimization has been
performed using the commercial casting simulation software package MAGMAsudt its addn

optimizer MAGMAfrontier. No advanced models or features that a regular user would not have an
access to have been exploited.

4.3.1. Coupling of Simulation and Optimization Tools

Before the optimization process can be started, a standard project must be defined in the simulation
software enviroment. This includes geometry definition in the-precessor, furthermore a suitable

mesh must be generated and all relevant process parameters defined adequately. The optimization
itself is based on performing a large sequence of “standard” calculations, each with different design
variants, therefore all of these design variables must be defined in a parametric way.

In essence any constrained optimization method is based on the following scheme: a user formulates
the problem in a mathematical way by means of several paraffeters

x Input (design) variables together with allowed ranges of variation. Design variables (initial
temperatures, riser dimensions, alloy composition, process parameters, etc.) are modified by the
optimization algorithm in order to mettte given objectives.

x Output variables usually represent values calculated in a standard casting simulation. The
optimization objectives are usually formulated by using the output variables, (e.g. when the
porosities and the volumes of the feeders in dasign need to be assessed for a feeder
optimization).

x Constraints are conditions for designs. They limit the design space or the range of solutions. If a
design does not satisfy these constraints, it is considered as unacceptable.
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x Objective functions — These are thaims and targets that are the goal to achieve by means of
optimization. They maximize or minimize certain combinations of output variables, e.g. min
(volume of a riser) omin (max. porosity).

4.3.2. Optimization procedure

The actual optimization cycle is initiated by establishing a first generation, i.e. set of solutions,
containing a usedefined amount of individuals, referred to as initial population or Design of
computational Experiments (DOE). Each individual represents one configuratitmefconsidered

set of design variables. For each of these designs an analysis of solidification asths®lodoling

is performed and the values for the requested output variables are calculated. The output data is used
to evaluate and compare thdfelient designs. After the first generation has been calculated, the
optimization algorithm evaluates the designs with respect to the objective functions and constraint(s)
and subsequently generates a new set of solutions using mathematical mechanitotswhae

concept of natural genetics, i.e. selection, reproduction, -ok@ss and mutation. From the
algorithmic point of view the procedure can be described as follows:

1. Create the initial set of designs (initial population).
2. Calculate all designs and grade their performance in terms of the objectives.

3. Generate a new set of designs (new generation) by performing statistical evaluations (selection,
crossover, mutation).

4. Repeat this procedure for the usefined number of generations.

The optimization gcle terminates when the stopping criterion, i.e. usually the total nhumber of
generations, is reached. The flow chart of the above desagigdization procedure is depicted in
Figure 4.8.

Figure 4.8: Flow chart of the optimization process, [ref. Pagg Kotas et al. 2010].

In the following, several industrial case studies which are intended to show that the previously
described concept of a Mul@bjective Optimization Problem (MOOP) is applicable and reliable for

a variety of casting related issues are presented. All of these examples deal with optimization of
solidification pattern and its effect on different casting defects occurrence and distribution.
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4.3.3. Case study 1A casting yield optimization

The optimization case presented here wasfitlst one considered in the PhD project, Bagper II.

The multiobjective optimization problem is stated as the goal of finding the optimum set of design

variables, i.e. dimensions of the riser and the chills which provide a set of trade off solutithes f

two conflicting objectives. These are the minimization of the remaining volume of the top open riser
and the minimization of shrinkage porosity inside the casting. The optimization problem is subjected
to a constraint on centerline porosity.

The iteative product design cycle includes five different layouts of a steel forging ram (as seen in
Figure 3.47) manufactured by a gravity sand casting process. The initial layout is obtained from a
foundry, Vitkovice Heavy Machinery a.s., which manufacturesfanging ram. The second layout

with manually rearranged gating system and chills is also provided by the foundry, and last three
layouts are generated by using numerical optimization. The first two designs are analyzed both in
terms of filling and solidication using MAGMAsoff and then the results are compared with
experimental casting trials; no numerical optimization is involved at this stage. The last three designs
are optimized numerically using MOGA (MultDbjective Genetic Algorithfi) implemente in
MAGMAfrontier ,and are assessed only in terms of solidification since the filling pattern remains
unchanged; however temperature fields at the beginning of the solidification are inherited from the
filling stage.

4.3.3.1. Case Study Description 1—- Qginal Casting Arrangement

The project involves a large, 60 ton steel forging ram, showigare 3.47.During design stage a

riser is designed and placed on top of the heaviest section, based on the thermal analysis of the part
itself. In order to enhandbe feeding ability of the riser, insulation is applied. The main cylindrical
padding is insulating, the melt surface is covered by an exothermic powder and on top of that
additional insulating powder is applied. Next, it is determined that the part will be bidtezhusing

a gating system comprised of refractory tiles. The csestion area of the tiles is constant over the
entire gating system. Last, the chills are added around the cylindrical section of the casting to
establish directional solidifation and to push the macrosegregatiglated flaws from the surface

further inside the casting.

After casting and machining operations, it was found during quality tests, i.e. NDT techniques, that
there is a rather extensive porous area present iowes kection of the cylindrical area of the ram,
seeFigure 3.21. Shrinkage porosity, together with channel segregates penetrating to the machined
surface was the two major causes of rejection of the casting. Thus, the objective of this case study
was to find a solution to this problem by means of numerical optimization techniques.

The original casting layout is simulated using casting conditions and parameters listed in Table I
Both, filling and solidification analyses are conducted. A stress analysid onsidered in any of

the presented cases. Results from the filling and the solidification analysis of the original casting
layout are given ifrigures 2.7, 2.27(b), 2.28(agndFigure 3.10, respectively.

Table II. Material settings in MAGMAsoft

Material of the casting GS20Mn5 (DIN 1.1120)
Material of the mould Furan Sand

Initial (pouring) temperature of the casting 1540 °C (2804 F)

Initial temperature of the mould 20 °C (68 F)

Filling time 120 s

Weight of the casting incl. risers and gating sysem | 59596 kg (131111.2 Ibs)

110



4.3.3.2. Case Study Description 2— Manually modified Casting Arrangement

After the original casting got rejected, a new layout with a manually redesigned gating system and
rearranged chills is developed. The new layoligure 4.9is manufactured for a different customer

who requested minor geometrical adjustments as compared to the very original layout, i.e. a slightly
larger diameter of the cylindrical section and geometrical adjustments in the ram’s head. However,
none of tiese adjustments will deteriorate the purpose of this study.

Figure 4.9: Manually optimized casting design (the result of the case study 2). The gating system is now side
fill to accommodate the bottom chill plate. Cylindrical chills are more robust andrfwedgeshaped chills
are implemented at the casting’s head area, [ref. Paper Il, Kotas et al. 2010].

The aim is now to investigate the effects of the redesigned system of chills, particularly of a cooling
plate located underneath the casting, on thidiBoation behavior of the casting. In order to place the
cooling plate, the gating system has to be changed from bottom filling to side filling. Also, new
vertical runners are added to support filling in higher sections of the casting. Furthermohd|ghe ¢

are rearranged a bit. In order to ensure sufficient cooling of the very bottom, thicker chills are added
around the conical bottom section of the casting. Furthermore new chills are incorporated into the top
head section of the casting. The changessaen in Figures 4.9. Besides the mentioned geometrical
changes, the total weight, all casting and simulation parameters remain the same as in the first casting
arrangement. It should be noted that up till now, no numerical optimization has been @iptiéd.

these modifications have been done by intuition. Findings from the thermal analysis for the
redesigned casting are captured and discusdeidune 3.11.

4.3.3.3. Case Study Description 3— Optimization of the riser and chills

After inserting all deasets and parameters into the standard simulation environment, the manually
refined casting layout is used to create a reference solution to compare the optimization results with.
It has been decided to try to reduce the size of the top riser as mudsiepto increase the casting
yield, providing that there will be no defects occurring in the casting due to the riser’s reduced size.
When the riser and the chills are transformed into parametric objects, the optimization process is
initiated. The desig variables (those which are subjected to optimization) are: dimensions of the
chills- height and thickness of the bottom cylindrical chills, and of the top riser —its height, bottom
and top diameters, and the top diameter of the riser neckabézlll.
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Table Ill. Design variables for optimization.

Design Variable Lower limit Upper limit Step

Cylindrical chill - Height 549 mm 1149 mm 50 mm
Cylindrical chill - Thickness | 100 mm 200 mm 10 mm
Riserneck Top diameter 1200 mm 1300 mm 10 mm
Riser- Bottom diameter 1260 mm 1660 mm 20 mm
Riser- Top diameter (1260* 1.06) mm | (1660* 1.06) mm | 20 mm
Riser- Height 500 mm 1350 mm 50 mm

Again, this optimization problem is stated as the goal of finding such a design of the top riser so, that
the casting is sound (i.avith minimum shrinkage and centerline porosity) and at the same time
having the top riser's volume as small as possible to increase the casting yield. In this context,
‘casting yield' is defined as the weight of the fettled casting divided by the gragistweeluding the

riser and the gating system. In terms of the MOOP we deal with minimization of two conflicting
objectives fin. porosity in the casting body vs. miriser volume).The optimization problem is
further subjected to a constraint on ceiterporosity.

In many engineering cases there are more than two optimization targets to address. However, it is
more complex or unfeasible to graphically visualize and reasonably evaluate more than two
objectives. Then the only way for the optimization algorithms to take the other optimization targets
into consideration without prescribing them as objectives, is to express them by means of
optimization constraints. Of course one can then expect the presence of unfeasible designs that do not
comply with theprescribed constraints. Subsequently, these solutions are automatically rejected by
the optimizer. Our optimization problem is constrained only by the predefined ranges of variation of
the design variables, see Table Il

Based on the number of design ahies and their ranges of variation, the optimizer generates the
total number of feasible combinations (the initial DOE sequence), by a DOE sequence technique
referred to as Full Factorial Design. Obviously, it would be very-tier@anding to calculate all
possible designs, thus the initial population is provided by the Sobol DOE sequence generating
techniqué® which is a quasiandom sequence. The points in this type of sequence are maximally
avoiding each other, so the initial population fills the design space in a uniform manner. The
optimization run has been executed using the following parameters:

Initial Population: Sobol Sequence
Population Size: 100

Number of Generations: 10

Probability of Directional Cros®ver: 60%
Probability of Selection: 30%

Pradobability of Mutation: 10%

Elitism: Enabled

Treat Constraints: Penalizing Objectives
Algorithm Type: MOGA Steady
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4.3.3.4. Simulation results — Optimized riser and the chilling system

FromFigure 3.11(c)it is seen that the manually optimized chills completely eliminated the presence
of shrinkage porosity in the casting and that the major shrinkage pipe in the riser is still too far from
the actual casting body to be considered critical. One could stop here and argue that the optimal
solution has already beefound. This would be true for a very conservative andfagtioned
foundry which is not concerned with saving its material resources whatsoever. At this stage, the best
solution in terms of competitiveness is to apply the state of the art optimization techniques and utilize
them in the riser volume reduction to obtain the increased casting yield.

The objective space for the optimization problem in Figure 4slébnstructed by the two following
objectives: The minimization of shrinkage porosity and the minimization of the remaining volume of
the top riser. The first objective is represented by a Weighted Volume Porosity criterion function
which stands for the total volume of areas having issues with shrinkage porosity or with feeding in
general. The remaining volume of the riser is then calculated as the geometrical volume of the riser
minus the volume of the shrinkage pipe in the riser.

The blue line is the Pareto set which is comprised of all thedoomnated solutions, although, it is

up to the user to determine which solution out of the Pareto set will be the most desirable. In other
words, the user has to figure whether he/she wants to minimize the riser as much as possible, at a cost
of increased porosity or to have a poro$ige casting with a slightly larger riser. In our case, three
distinct designs were selected. The first one, marked 1 in Figuredéd® not lie on the Pareto set

and represents the most modest soldtian the largest riser volume. It should be emphasized that
although it may not be clear from the figure, solution 1 is dominated by solution 2. The second one,
marked 2 resembles a single optimum e#ise lowest amount of porosity and the third one, marked

3 stands for a tradeff solution.

Figure 4.10: Design space with all the calculated designs, i.e. each design is represented by a black dot. The
non-dominated tradeoff solutions constitute the Pareto set, i.e. the blue line. Three designs are selected for
further analysis, two lie on the Pareto line and one does ficgf. Paper I, Kotas et al. 2010].

Then, the three designs have then been analyzed in the standard simulation environment. In order to
obtain realistic temperature fields during solidification, filling has also been considered in the
simulation, but its radts are not shown here. The reason for choosing such designs was the
following: the primary aim has been to keep the level of porosity very possibly not above the

value of the original design, but still increasing the casting yield. That is whydthe ¥vas put on
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the solutions very close to theakis. Moreover, the manufacturing foundry wanted to see different
layoutsfrom “modest” to those “on the edge” to make a better comparison and decision as to which
solution to select for the subsequent production. From the optimization perspective it is given that
the best solutions constitute the Pareto line, so why should we pick a design not on the Pareto line
that is solution 1? Many foundries will rather prefer a very safe solution to compensate for potential
flaws during production, e.g. human factors, deviations from alloy compositions, etc. Solution 1 was
selected for the subsequent analysis because it has a large enough riser to keep porosity far from
casting and still has its total volume remarkadihaller than the original layougigure 4.11depicts

the three selected designs. Information regarding dimensions of the optimized designs is listed in
Table IV.

(a) (b) (€)
Figure 4.11: Three distinct designs pposed by the optimization tool, [ref. Paper I, Kotas et al. 2010]

Table IV. Comparison of the three optimized designs.

Solution 1 | Solution 2 | Solution 3
Total height 4037 mm 3837 mm | 3537 mm
Total weight 48406.8 kg | 45850 kg | 40968 kg
Height of the bottam cylindrical chills 999 mm 999 mm 1149 mm
Thickness of the bottom cylindrical chills | 160 mm 160 mm 160 mm

Regarding the solidification pattern of the three optimized designs, no isolated liquid areas are
forming in the bottom area as compared to thgimai layout which is depicted iRigure 3.10(b)

The bottom chill plate and the stéype chill around the conical section induced directional
solidification towards the thermal axis and the riser. Solidification patterns were checked over the
entire saldification interval. It was found that none of these designs exhibit apparent isolated liquid
areas although solution 3 is really on the edge later in solidification in an area right below the riser
neck, sed-igure 4.12. The reason is that the riseras small and the heaviest section of the casting
slowly begins to be the last to solidify. If one should fully rely on the numerical results, solution 3
would be good enough for production. However, simulation does not take into account all crucial
factorsthat occur in practice. For instance the quality of the melt can be compromised by a dirty ladle
with residuals from the previous batch. Next could be the human factor, which often compromises
the quality of a casting process. Having all this in mindas wecided together with the foundry not

to go for solution 3 to avoid failure in production. But this solution is still shown and discussed here.
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(@) (b) (©

Figure 4.12: Solidification pattern, i.efraction of liquid, of the three optimized designs at 90% solidified, [ref.
Paper Il, Kotas et al. 2010]

In Figure 4.13, the centerline porosity is expressed by the Niyama criterion. The light blue areas
stand for values of 0.4 and lower which will caint macroscopic shrinkage. Everything above the

0.45 up to 1 will most likely be microporosity not detectable by the radiography techniques. It is seen
that despite solution 3 being on the edge, it still shows no occurrence of porosity in the casting body.
Only the bottom pins contain small porous areas. The reasonable remedy for this would be to enlarge
the taper towards the casting. One can see a remarkable improvement in presence of this defect,
compared to the original solution in Figure 3.10(c)

(@) (b) ()

Figure 4.13: Occurrence of centerline porosity in the optimized desidres, Paper Il, Kotas et al. 2010].

A similar situation applies for shrinkage porosity showkigure 4.14. The casting body appears to
be porosity free in all three cases, except for the pins again.
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Figure 4.14: Occurrence of macroscopic shrinkage in the optimized designs, [ref. Paper Il, Kotas et al.
2010].

The last assessment concerns the casting yield. The aim of the entire project has been primarily to
eliminate the presence of various casting defects. Once this was achieved, the next step was to
optimize the riser volume fohé casting yield improvement. The results of this assessment are given

in Table V. Compared to the original design the casting yield could be increased by approximately
25% if the optimized solution 3 was applied. Due to a high risk a shrinkage occurrence below the
riser neck, solution 3 was not approved for production.

Table V. Casting yield assessment

Original Optimized Optimized Optimized
solution Solution 1 Solution 2 Solution 3
Total height 4337 mm 4037 mm 3837 mm 3537 mm
Total weight 59640 kg 484068 kg 45850 kg 40968 kg
Casting Yield 55.36 % 61.76 % 72.01 % 80.59 %

4.3.3.5. Conclusion — case study 1

This work showed a study of a mutibjective optimization problem that has been carried out for a
steel forging ram produced by the gravity sand casting technique. The main idea of this case study
was to demonstrate how the fully computerized optimization can be effectively utilized in daily
foundry practice. The optimization objectives were minimization of the remaining volume of the top
riser and the avoidance (minimization) of shrinkage and centerline porosity in the casting body.

Three distinct solutions were selected from the design space. The first one represented a modest
approach (relatively large riser), the middle one was still a safe @olbtit the riser was much
smaller and the third solution represented the very risky solution with the highest casting yield. It
turned out that all three designs yielded different solidification patterns compared to the initial
design. This was attributet the change in the riser dimensions and the rearranged chills. No
residual liquid pools were spotted, however there were some indications of potential problems in the
third solution. Concerning the macro and mishoinkage in the optimized designs, tbely
problematic areas were in the riser head and in the bottom pins. The casting body seemed free of
porosity. Eventually it was decided together with the foundry not to consider the last solution for
production due to a high risk of failure in production. In other words, when taking the human factor
into consideration, the risk of porosity extending from the riser to the casting body is too high. Last,
findings regarding the casting yield showed that when correctly utilizing -ohj#ctive
optimization, it is feasible to substantially increase the casting yield and thus reduce production costs.
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4.3.4. Case study 2 Optimization of the Solidification Pattern and its
Effect on Porosity and Segregation in Steel Castings

The second case study is based orstme forging ram which was subjected to optimization in the
previous sectionSection 4.3.3). This time the aim is to optimize the solidification pattern of the
same forging ram while simultaneously considering its impact on centerline porosity and
macrosegregation distribution. As it was demonstrated in chapter 3, there is a physical relation or at
least the same driving force for occurrence of both, centerline porosity and macrosegregation. It is a
thermal gradient in a solidifying casting which drivesghbof these defects. It is not possible, at least
computation timewise to directly optimize macrosegregation profiles in castings. One standard
convection and segregation analysis which is necessary for this purpose takes roughly 24 hours on a
standard p-to-date multicore work station, using a reasonably fine computational grid. Considering
that a typical optimization cycle comprises from 1000 to 2000 independent designs, nobody in
industry would afford doing this type of optimization. This explains whegre is a lack of
information in literature or in scientific papers on this type of optimization. Therefore, the idea of this
optimization problem has been to utilize the existing and well proven physical link between these two
defects and optimize theatrosegregation profiles indirectly by means of the Niyama criterion. In
other words, by finding proper riser and chill designs steeper thermal gradients and proegressive
directional solidification pattern will be established and both of these defectsl dleeliminated.

The multrobjective genetic algorithm has been applied to handle this problem.

4.3.4.1. Problem Statement — Optimization of the riser and chills

The initial casting layout is identical with the casting layout presented and describection se
4.3.3.1. The manually refined casting layout described in section 4.3.3.2 is taken as a reference
solution to compare the optimization results with. The design variables are: dimensions of the chills-
height and thickness of the bottom cylindricaillshand of the top riserits height, bottom and top
diameters, and the top diameter of the riser neck. As already discussed, it would not be feasible to
calculate thermal convection and segregation for each design during the optimization cycle. Thus,
only selected designs constituting the final Pareto line are analyzed with respect to macrosegregation.

The two conflicting objectives can be formulated in the following way: Design the top riser and the
chills so that (i) the casting yield is increased, minimize the riser volume, and (ii) so that the
casting is sound, i.e. with minimum centerline porosity, and evenly distributed concentration profiles
of solute elements.

The initial population for the MOGA algorithm containing 100 unique designs is provided by the
Sobol DOE sequence generating technique. The assumed optimization problem is constrained only
by the predefined ranges of variation of the design variables. The directionabweosthe selection

and the mutation probabilities of 0.6, 0r®&laD.1, respectively, are chosen for running 20 generations
giving in a total number of 2000 possible solutions. In addition, elitism is applied to support
convergence in the optimization problem. Elitism is a GA operator (in general, an evolutionary
algoiithm operator) to keep the best designs found so far in the evolution of the generations.

4.3.4.2. Optimized riser and chilling system
The objective space for the optimization problem in Figure 4slBonstructed by two following
objectives: Minimizatiorof centerline porosity and minimization of the remaining volume of the top

riser. The nordominated tradeff solutions constitute the Pareto optimal front, i.e. the blue line
shown inFigure 4.15
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Figure 4.15: Design space with the highlighted Rao Figure 4.16: Two selected designs proposed by the
set,[ref. Paper lll, Kotas et al. 2010]. optimizer,[ref. Paper lll, Kotas et al. 2010].

Two distinct designs have been selected. The first one does not lie on the Pareto front and represents
the reference solution with the largest riser volume, i.e. the manually optimized solution from case
study 1. This solution, even though it appears in the optimization results has not undergone a proper
multi-objective optimization. It is entirely based on the manual rearrangement of the chills and the
top riser remained unchanged, i.e. it has the same dimensions and casting yield as the original
solution. The second design highlighted by the red dashed circle represents the case with the lowest
amount of centerline porosity and somewhat reduced remaining volume of the riser.

The two selected designs have then been evaluated with respect to filling and solidification in the
standard simulation environment. The results from filling of solution 2 are not preserefilifidn

pattern of solution 1, which is the reference solution here and is the same as the solution in section
4.3.3.2 is seen in Figure 2.22. The geometries of the two designs are capthigurin4.16. There

are a few reasons for choosing what atfglance could appear as modest or conservative designs.
First, the primary goal has been to eliminate the presence of centerline porosity and to minimize
macrosegregation issues, especiallgejregates as compared to the original solution. To satisfy th
objective the focus has been on solutions located very close to-dhes,Yrepresenting minimum
centerline shrinkage ifigure 4.15 Moreover, as discussed in chapter 3, centerline shrinkage is
directly affected by a pressure drop inside the casting, derived from Darcy's law of flow in porous
media, which represents a resistance to feeding in a given area. To keep the pressure gradient
sufficiently high to ensure efficient feeding flow, the height and the total volume of the riser should
not be too smalNext, centerline shrinkage usually forms at areas with shallow thermal gradients. To
establish steep thermal gradients, the riser should again be sufficiently large and the dimensions of
the chills should be chosen so that progressive and directididification towards the riser is
provided. Considering segregation, it is also known that having steep thermal gradients due to intense
chilling results in a finer dendritic microstructure imposing higher resistance for channel segregates
to form. Moreove, if a progressive and directional solidification pattern exists, it helps to move the
highly segregated remaining liquid towards the riser.

If macrosegregation was not considered in the optimization case, designs with much smaller riser
volumes could behosen with no major risk of issues with porosity. This has been shown in the
previous work, see section 4.3.3.4, where macrosegregation has been disregarded; therefore the
selected designs reached much higher casting yields. Information regarding airmeofithe
optimized designs is listed in Table VI
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Table VI. Comparison of the two optimized designs

Solution 1 | Solution 2
Riser height 1350 mm | 1300 mm
Riser bottom D 1660 mm 1380 mm
Riser top D 1760 mm | 1463 mm
Height of the cylindrical chills 1150 mm | 1050 mm
Bottom thickness of the cylindrical chills 100 mm 220 mm
Top thickness of the cylindrical chills 190 mm 190 mm
Total weight 59650 kg | 51143 kg

Regarding the solidification patterns of the two selected designs, no isolated liquid areas have been
forming in the bottom area as in the original layout, depicted in Figure 4.17. The bottom chill plate
and the new chills around the cylindrical section evoked directional solidification towards the thermal
axis and the riser. Solidification patterner& checked over the entire interval. It is also seen, that
solution 2 has a more pronounced progressive solidification pattern compared to solution 1, meaning
that the solidifying front progresses towards upper areas in a V shape pattern which isedesirabl
mainly with respect to segregation. The favorable solidification pattern in solution 2 has to do with
the dimensions of the top riser and the chills which are different as compared to solution 1. Solution 1
has conical chills extending upwards while $olu 2 has conical chills extending downwards, see
Table VI. Due to more intense heat removal at the top of the cylindrical chills in solution 1, a
tendency for choking the remaining liquid pipe is observed, similar to the initial case.

Figure 4.18 shows he new distribution of centerline porosity. It shows that due to the optimized
design of the chills, steeper thermal gradients inside the casting have been achieved. These gradients
have changed the morphology of the mushy zone, i.e. decreased its extent, decreased its permeability
due to finer grains giving rise to very small and widely distributed pores not detectable via
radiographs, etc. Besides that, a more favorable solidification pattern has been evoked, which has led
to more enhanced feeding of the remote bottom area. The light blue areas stand for values of 0.45 and
lower which will contain macroscopic shrinkage. Everything above 0.45 up to 1 will most likely be
microporosity not detectable by radiography techniques. It shows that the castinqariyea the

riser neck will be free of any porosity issues. Only the bottom pins contain small porous areas. The
reasonable remedy would be to enlarge the draft towards the main casting body.

The same pattern applies for shrinkage porosity. The main $oegion has been found in the top
riser, forming a shrinkage pipe which in both cases has not penetrated even to the riser neck. This can
be seen ifrigure 4.18 as the missing area on the top of the riser.

Figure 4.17: Fraction liquid at 45% solidiid for Figure 4.18: Comparison of centerline porosity il
the two optimized solutiongref. Paper Ill, Kotas et the optimized designdref. Paper Ill, Kotas et al.
al. 2010]. 2010].
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Figure 4.19illustrates how the solidification progresses inside thérgasnd its influence on the
convection pattern for both of the optimized designs. Now it is obvious that the optimized chills have
induced steeper thermal gradients that have decreased the size of the mushy zone denoted by green
color. As compared to thiaitial situation depicted in Figure 3.48he liquid area is present for a

longer period of time and in a much larger scale. Steeper gradients have caused an evolution and
growth of much finer grains, thereby decreasing the permeability of the musheqGengy,
resistance towards liquid/solid movement and to opening liquid channels which give rise to channel
segregates is therefore much higher. Convection is denoted by the vector arrows.

Figure 4.19(a): Solidification processing and convection patterat 7, 11 and 20% solidified respectively for
SOLUTION 1, [ref. Paper lll, Kotas et al. 2010].

Potential issues with channel segregates are again highlighted by the black thick arrows. At 7%
solidified, areas adjacent to the bottom pins are very prorehd@nnel segregation because of a
sudden increase of velocity oriented upwards and a subsequent local remelting. Moreover due to
choking the pins from the open feed path, porosity will form and a positively segregated region will
occur which is subsequéntproven in Figure 4.21. At 20% solidified the first indications of minor
channel segregates at the cylindrical area are noticed, Figure 4.E8{bever, there is very little
chance that these will form at all since they are in direct contact withgthd tnelt which is highly
permeable.

NS

Figure 4.19(b): Solidification processing and convection patterns at 7, 11 and 20% solidified respective
SOLUTION 2,[ref. Paper lll, Kotas et al. 2010].

Figure 4.20 implies the situation at 31% solidified’he probability of forming some channel
segregates is rather high for both solutions as quite large streams of upward moving liquid/solid have
been observed. Although if any such channel segregates form, they will be found deep enough in the
casting noto show on the casting surface after machining operations.
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Figure 4.20: Convection patterns at 31% solidified for the two optimized solutions, [ref. Paper Ill, Kotas et
al. 2010].

As a consequence of the modified solidification and convection pattern new macrosegregation
profiles have been expected for both optimized solutions. These are captuigadéd.21. One can
recognize an apparent improvement in the sense that the carbon is distributed more uniformly over
the entire lower section which exfiddd high positive segregation in the initial layout, see Figure
3.45(left). When it comes to the undeser section, solution 1 appears to have a slightly more
favorable carbon distribution, while solution 2 seems to have that region highly segreghtiedsan
worse as compared to the original solution. This is for sure attributed to the riser size and shape.

The forging application, for which this part is used, sets high requirements on theaisedarea

which should exhibit very good mechanical pndigs. For this reason, solution 1 would be more
beneficial. It should be noted that solution 1 has already been cast according to the optimization
results. It has been evaluated, tested and no problems have occurred whatsoever.

Figure 4.21: Carbon maansegregation patterns for the two optimized solutions, [ref. Paper lll, Kotas et al.
2010].

The effect of optimization on the casting yield has been also assessed in this study. The aim of the
entire project has been primarily to eliminate the presence of various casting defects via
determination of the proper design of the riser and chills. It has also been very desirable to increase
the casting yield somewhat but not at the cost of impaired soundness of the casting. Results of this
assessment are givenTiable VII.
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Table VII. Casting yield assessment

Original solution | Solution 1 | Solution 2
Total weight 59640 kg 59640 kg | 51143 kg
Casting Yield 55.36 % 55.36 % 64.9 %

Now it is actually very interesting to make a small mutual evaluation of the twsaies which

are based on the same casting, in terms of the casting yield. In the first case study, the only concern
was to get rid of the shrinkage porosity and to reduce the volume of the riser. While in the second
case study, the objectives have bebanged a bit and macrosegregation came into the game. The
second case study shows that when considering macrosegregation we do not have that much freedom
in lowering the riser volume due to its effect on the solidification pattern and on theriseder
macrosegregation profiles at the same time. In the first case study, just by looking at the optimization
results, one would vote for the solution 2 which seems very safe and reasonable. However, when
macrosegregation is considered, solution 1 from casg &twebuld be the most reasonable solution

since it suggests the lowest undeer segregation. This comparison just shows that in order to
obtain a valuable and trustworthy numerical assessment of any given casting process, it is very
important to includeas many factors, which may have any negative effect on the quality of the
casting, as possible.

4.3.4.3. Conclusion — case study 2

The main intention of this study was to prove that macrosegregation can be addressed by
optimization even without prescrilgnt as one of the objectives which would not be feasible-time
wise. It was found that by optimizing the solidification pattern so that directional and progressive
solidification with steep thermal gradients is estdidd, one could relatively gakandlemultiple

issues like porosity and segregation.

The optimization objectives were minimization of the remaining volume of the top riser and the
avoidance (minimization) of centerline porosity through which the elimination of macrosegregation
issues, partidarly channel segregates in the casting body was expected.

The manuallyoptimized solution, i.e. solution 1, served as a reference or starting solution for the
autonomous mukHbbjective optimization of the solidification pattern. In the optimization gmobl

the dimensions of the riser and the chills were applied as design variables together with the allowed
ranges of variation. After optimization, one solution was selected from the design space.

The new chill arrangement caused significant improvementisel solidification patterns in both of

the solutions. More pronounced cooling established steeper temperature gradients and induced
progressive and directional solidification in the problematic bottom area, totally eliminating the
shrinkagerelated defets. The only porous areas were found in the riser head and in the bottom pins.
The casting body seemed free of porosity.

New convection and macrosegregation patterns were obtained giving favorable and promising
results. Due to steeper thermal gradienésrtiushy zone got reduced, its permeability was lowered
imposing higher resistance for liguslid movement and for potential channel segregation. The
resulting carbon distribution seemed more uniform over the casting body, mainly in case of solution
1. Asto the underiser area (in solution 1) which will be heavily cyclically loaded during service, it

is likely to have similar mechanical properties as compared to the initial solution.
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4.3.5. Case study 3 Elimination of Hot Tears in Steel Castings by Mans
of Solidification Pattern Optimization

In the following sections a methodology of how to exploit the Niyama criterion for elimination of
various defects such as centerline porosity, macrosegregation and hot tearing in steel castings is
presented. The tendency for forming centerline porosity is governed by the temperature distribution
close to the end of the solidification interval, specifically by thermal gradients and cooling rates. The
physics behind macrosegregation and hot tears indicate that tthesdefects are also heavily
dependent on thermal gradients and pressure drop in the mushy zone, more on this topic can be found
in chapter 3. The objective of this work is to show that by optimizing the solidification pattern, i.e.
establishing directicd and progressive solidification with the help of the Niyama criterion, hot tears
issues can be at least minimized or entirely eliminated

4.3.5.1. Description of the project

The project involves a large (84,6 ton, max height = 4280mm, max width = 238dtewhwedge-
shaped casting made of a low carbon steel dlgy 1.1165, (GS30Mn5)poured into a furan
bonded silica sand mould. Two insulated top risers are placed on top of the casting, directly above the
critical regions with the highest mass accumulation to ensure sufficient feeding. The entire geometry
is shown inFigure 4.22.

Figure 4.22: 3D visualization of the original casting layout with its characteristic feeder design and chill
patterns applied in the initial numerical calculations. Thisyaut was then subjected to optimization. Letters
A, B, C indicate groups of design variables for the subsequent optimization, [ref. Paper IV, Kotas et al.
2010].

The original casting arrangement was cast and left in the sand mould for a few weeksfycasalid

cool to a certain temperature. After shake out, a thorough visual inspection took place and a massive
hot tear was identified in the middle rib, going diagonally from the left top riser down to the right,
across the top cylindrical core, deigure 4.23. The rib was found to be torn completely from both
sides. Obviously, this defect was impossible to repair weld, making the casting a scrap. The hot tear
was found before burning off the two top risers which disproved all the hypotheses and arguments
that it formed due to stress relief while removing the risers and not due to an improper technological
solution. Therefore, the major aim of this case study is to find the reason why the hot tear formed and
subsequently to eliminate it by means of thedéfidiation pattern optimization.
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Figure 4.23: View on the location of the hot tear in the middle rib of the steel casting. This hot tear occurred
on both sides of the middle rib, [ref. Paper IV, Kotas et al. 2010].

4.3.5.2. Optimization problem staément

Unknown optimal shapes and sizes of the two top risers as well as the chills are sought by means of
autonomous optimization to obtain a better solidification pattern of the casting which would
eliminate the likelihood of hot tearing. This issue hasrbaddressed by defining the problem as a
multi-objective optimization problem (MOP) via combining multiple conflicting criteria, i.e. the
minimization of the riser volume together with the minimization of the presence of centerline
porosity. The decisivéactors for the occurrence of centerline porosity, macrosegregation and hot
tears are the same, i.e. the low thermal gradients combined with an unprogressive solidification
pattern. Therefore, the focus has been put on eliminating hot tears by the atioimif centerline
porosity by establishing enhanced thermal gradients and progressive solidification pattern inside the
casting. This unconstrained mudtbjective problem can then be expressed in mathematical terms as

Minimize: f1(X) =V iser
Minimize: f,(x) = Weighted Volume Niyama
X By sbgci

(4.3)

Neel int(low
where Weighted Volume Niyamar : Vv, 2 Nlyamas (4.4)
Niyamai }\liyame;:r
whereV; is a volume of a cell, Niyamga is a critical value of 0.7. Information received from the
weighted volume Niyama values regarding the volume of the mesh affected by a poor Niyama

value, i.e. below the critical value of 0.7.

In total there have been 21 independent design variables (those which are changed / updated during
optimization) used in the optimization procedure, which are: placement and dimensions of the chills-
height, width and thickness, and of the top risénei height, bottom and top diameters. The design
variables were split into three groups and are highlighteBigare 4.22, where group A (as)

contans all variables for the two top risers, group Bjbcontains variables for the four bottom
brick-like chills and group C (c,) comprises variables for the two sets of chills on the right hand
side of the casting. It would be very time consuming toutate thermal convection, segregation and

hot tears prediction for each design during the optimization cycle. Thus, only the selected designs
constituting the final Pareto line are analyzed with respect to macrosegregation and hot tearing.

The initial pgulation for the MOGA contains 100 unique sets of designs. The directionabearss

the selection and the mutation probabilities of 0.6, 0.3 and 0.1, respectively, are chosen for running
20 generations giving in a total number of 2000 solutions. Irtiaddelitism is applied to accelerate
convergence in the optimization problem.
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4.3.5.3. Casting and simulation results — optimized layout

As mentioned above, the primary goal of autonomous optimization based on process simulations has
been to find a mer suitable design of the two top risers and of the surrounding chills to establish a
directional and progressive solidification pattern. A more favorable solidification pattern should then
eliminate the formation of solidification related issues such tedme porosity, shrinkage porosity,
macrosegregation and hot tears which were present in the original casting layout. A thorough analysis
on why the hot tear formed in this particular casting can be found both, in section 3.a@r®13r8

Paper IV in the attachments.

The gating system has been changed somewhat to achieve a more uniform and smooth flow pattern to
avoid excessive oxidation, segures 3.33and3.34for comparison. On top of that, chills and risers

have been transformed into parametriceoty and subjected to optimization as design variables. The
most important condition in assessing the size of the riser has been to avoid the shrinkage pipe
penetrating into the riser neck area or even to the casting body. Such designs are then instantly
rejected since they are unsuitable.

The objective space for the optimization problem is constructed by two following conflicting
objectives (i) minimization of the remaining riser volume and (ii) minimization of the weighed
volume Niyama of the casting badyigure 4.24.

Figure 4.24: The objective space where all the computed designs are stored. The blue line represents the
Pareto optimal front which comprises the best tradf solutions in terms of the predefined optimization
objectives. The light blue color indicates the area from which the best solution is selected. The enlarged view
on the six Pareto designs is located on the right upper corner, [ref. Paper IV, Kotas et al. 2010].

After the optimization run the user has to decide which design among multiple optimal solutions will
be the most desirable for him/her. Whether he/she wants to minimize the riser as much as possible, at
the cost of increased porosity or to have a pords#y-and sound casting with a slightly larger riser,

but still smaller than the initial design. Obviously, the optimized design must contain less centerline
porosity than the original casting layout. This is why only Pareto optimal solutions located in the blue
region are considered. All other solutions are disregarded thiageexhibit more centerline porosity

than the initial layout, which is not desirable. These six solutions were subsequently analyzed in
terms of shrinkage porosity, which is an additional criterion for evaluating the overall soundness of
the casting. It \&s found out that the solution 4 had the best response in terms of the shrinkage
porosity and solution 1 was only slightly worse than solution 4. The other four designs showed much
worse response and therefore they were disregarded. Since the primary thienoptimization
procedure was to search for the solution with the lowest amount of centerline porosity, solution 1 was
selected, although it had the largest volume of the two top risers from all of theffradéutions.
However, the objective of mimizing the riser volume was still met by solution 1, which actually
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exhibited a significant decrease in the riser volume as compared to the original solution. By picking
solution 1, one could argue that single objective optimization could have been applied. True,
however, the benefit of multbjective optimization is that the user has a selection of manyafade-
solutions lying on the Pareto line which may fulfill his/her preferences that he/she would never be
able to explore, or be aware of other pdtdraiternatives, while using the single objective approach.

The selected design has then been evaluated with respect to filling, solidification as well as stresses
and strains in the standard simulation environment. The geometry of the preferred design, i
solution 1 from Figure 4.24is captured ifrigure 4.25.

Figure 4.25: New casting layout after optimization. Dimensions of the two top risers together with
dimensions and location of the surrounding chills were varied during optimizatipef. Pape 1V, Kotas et
al. 2010].

Figure 4.26 shows how the thermal gradients inside the casting changed due to the performed
optimization adjustments. It is seen that due to the new shape of the risers, combined with newly
placed chills with optimized design and due to the removed top core, the high thermal gradients got
eliminated from the area where the hot tear occurred. The large area on the left hand side of the
casting indicates steep thermal gradients accumulated over a relatively narrow region, hence
implying potential hot tearing. In reality, there are narrow ribs placed along that area to prevent hot
tearing as seen ifrigures 4.25and 4.31. Since they are very narrow and it would require an
extremely fine mesh to consider them during calculations, these were not modeled. Hence, this
critical area predicted by the numerical solver can be disregarded.

Figure 4.26: Thermal gradients in the cast part after optimization. No obvious high thermal gradients
located in a narrow bandike area as in the originatasting arrangement are seen. The risk of hot tears has
been minimized in the previously critical region, [ref. Paper IV, Kotas et al. 2010].

The optimization adjustments have also led to a new distribution of temperature in the casting
domain,Figure 4.27. There is no longer that “triangular” area solidifying much faster as compared to
the surroundings, evoking thermal imbalance and subsequent thermal tensile strains. Now it appears
that the casting solidifies directionally and progressively from thednatind from the sides towards
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the two top risers. This should for sure lower the risk of hot tearing in that problematic area as well as
in the entire casting domain.

Figure 4.27: Temperature profiles at different stages of solidification in the optimilayout. No indications

of sudden temperature changes as were identified in the original layout. The likelihood of a hot tear is very
low in the previously critical area. Blue color denotes a completely solid region, all of the shades of green
stand for he mushy zone and the red color stands for the liquid ph@sd, Paper IV, Kotas et al. 2010].

The changes in the solidification pattern have naturally led to a redistribution of the characteristic
solute elements in the casting, represented by theteotration profiles. It is shown in Figure 4.28

that the concentration profiles of the selected three elements are now more balanced and favorable
implying that the positively segregated region will be found mostly in the riser region.

Figure 4.28: More uniform concentration profiles in the optimized steel casting due to the more favorable
solidification pattern, (left) carbon, (middle) phosphorus, (right) sulfur. The positively segregated area is
now located mainly in the two top risers and partially ihe underriser region, [ref. Paper IV, Kotas et al.
2010].

This state is much more beneficial with respect to hot tear susceptibility as compared to the original

state. However, a question arises whether the mechanical properties would be sufficieniyteo

area between the two risers due to positive segregation. The manufacturer noted that no special
requirements for that specific area as to the mechanical properties were determined by the final
customer. Therefore this solution would be suitabiestdosequent production. Minor improvements

in the segregation might be expected during the heat treatment that the part will undergo afterwards,
especially during homogenization.

When we look at the maximal principal strain rates during the solidificatierval of the optimized

layout in Figure 4.29it shows that, in the previously critical area there are no more signs of high
tensile straining hence eliminating the risk of hot tearing. The potentially critical area in the lower
central region of the casting is not to be worried about. Each numerical solver always highlights some
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risky areas, but it is very important to assess also the magnitude of it. The peak values on the scale
are so low as compared to the state in the original layout (see FiguretB&ly becomes apparent
that the thermally induced strains will not cause any major problems in relation to hot tearing.

Figure 4.29: Maximal principal strain rate in the optimized layout. Note the difference in the scale as
compared to Figure 3.31ref. Paper IV, Kotas et al. 2010].

Consequently, due to the optimized solidification pattern in which directional and progressive
solidification toward the heaviest section has been established, the risk of hot tearing got entirely
eliminated in the prdbmatic area in the middle riBjgure 4.30, compared to the situationRigure

3.32. There is only one small place in the casting which might be prone to hot tearing. It is found in
the lower central area, right above the bottom core. However, wherdeongi all the above
investigated criteria such as temperature profiles during solidification, the Niyama criterion,
segregation profiles and strain rates, it can be assumed that this area will not be of concern in
production and hot tear will most likely not form. Also, the peak value on the scale is much lower as
compared to the original solution where the tear was found.

Figure 4.30: Hot tear prediction in the optimized casting layout. The middle rib appears hot tear free. The
other indication in the lower central area will most likely induce no hot tearing. This can be deduced from its
value on the color scale, [ref. Paper IV, Kotas et al. 2010].

Based on the findings obtained from the ralijective optimization run, a new casting layout has
been proposed and applied in production,FSgare 4.31. After it was cast, the part was inspected,
both visually and by the prescribed NDT techniques, and no major defects or problems that would
ultimately destroy the casting were found.
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Figure 4.31: The stel casting which was manufactured based on the optimization results, after its shakeout.
It exhibited no hot tears whatsoever. Protective ribs have been applied for the real casting. They were not
assumed during simulations since they would require extedynfine meshing, [ref. Paper IV, Kotas et al.
2010].

4.3.5.4. Conclusion €ase study 3

The main purpose of the work was to demonstrate and to prove that hot tearing can be relatively
easily addressed by optimization even without prescribing it as dhe objectives which would not

be feasible computational tinveise. It was found that by optimizing the solidification pattern so that
directional and progressive solidification with favorable thermal gradients is established, one could
relatively easily Andle multiple phenomena like centerline porosity, macrosegregation, and hot tears.

The optimization objectives were prescribed as (i) minimization of the remaining volume of the top
riser and (i) minimization of centerline porosity through which theialtion of hot tear occurrence
in the middle rib was expected.

The first step was to analyze the original casting arrangement provided by the foundry to figure out
the major reasons for the hot tear to form. Filling, solidification and stress/strain esnalgse
performed to capture all physical phenomena and potential flaws and defects which may contribute to
hot tearing. Findings from this first step are listedegtion 3.7.3.3. These findings were verified by
casting trials performed at the foundryvéry good agreement with the casting results was found.

In the optimization problem, the dimensions and positions of the two top risers and the chills were
prescribed as design variables together with the allowed ranges of variation. After optimizegion, o
solution was selected from the design space.

The new shapes of the top risers and the new chill arrangement led to significant improvements in the
solidification pattern of the selected optimized solution. More pronounced cooling established
favorabletemperature gradients and induced progressive and directional solidification not only in the
problematic area but also in the entire casting. New convection and macrosegregation patterns were
obtained giving favorable and promising results. Due to stélepanal gradients the mushy zone got
reduced, its permeability was lowered imposing higher resistance for §igliiimovement and for
potential channel segregation. The resulting carbon, phosphorus and sulfur distributions seemed more
uniform over the csting body. After removing the top sand core there was no longer a mechanical
restraint to free volumetric contraction of the casting in the area just below the top core. All of these
features and improvements completely eliminated the susceptibility tedring in the entire casting

which was also proved during the subsequent production.
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Chapter 5

5. Concluding remarks and future work

5.1. Concluding remarks

The work presented in this thesis is devoted to two major subjects; first, modeling of metal casting
processes, with primary focus on gravity sand casting of large steel castings, where all stages of this
manufacturing process are taken into consideration, and second, to optimization of thermal aspects of
the casting process by means of maljective genetic algotitns which belong to evolutionary
computation techniques. The main conclusions and findings are briefly addressed below.

Modeling and simulations of casting processes are generally divided into two steps, i.e. fluid flow
calculations where mould filling is modeled and themmechanical modeling in which thermal
behavior during solidification and solglate cooling is investigated together with its effect on stress-
strain formation inside the casting.

The fluid flow phenomena are addressed first as metal pouring is the first stage in casting processes.
It represents thdriving force for various defects, such as air bubbles, oxide films; cold shuts, misrun,
hot tears, etc., and has a direct influence on the temperature distribution inside the casting which then
affects its thermal behavior. The purpose of this thesis has been to describe and subsequently
optimize thermal aspects of the considered casting process; hence the fluid flow chapter serves
“only” as some sort of guidelines and proposals to the dasigmefoundry technologists. The idea

has been first, to briefly introduce the fundamental physical laws based on which the flow
calculations can be carried out. Then each single element of a typical gating system is described and
commented on to give an overview on how these elements influence final filling patterns.
Furthermore, useful tips on how to proceed when designing the gating systems are given together
with one example of how improperly designed gating systems may evoke residual stress and
deformaion in castings. This example is shown on a HPDC casting. In essence, the chapter devoted
to filling aims at showing how important it is to focus not only on thermal aspects of a casting, but
also on thalesign of gating systems. One should come to ealizl always have in mind that gating
systems and subsequent filling patterns greatly influence the overall quality of castings and stand
behind many types of defects, found in castings, regardless of their size or material.

The chapter dedicated to sofidation and thermal behavior of castingghs core of the thesis. In

the beginning, governing equations for the heat transfer and temperature distribution in castings are
given. Feeding rules and mechanisms are discussed and used for designing dsprofgeavoid
subsequent solidification related defects. The greatest portion of this chapter concerns casting defects.
Three major defects, i.e. centerline porosity, hot tears and macrosegregation, are presented and
thoroughly analyzed. When discussingsting defects, it is the most important to determine their
causes of occurrence. When doing so, it was found that there exists a link between all three defects.
Thermal gradients, the pressure drop over the mushy zone and the solidification patterrhaee th
common links between these defects. Centerline porosity starts to form when the pressure drop over
the mush exceeds a critical value. The pressure drop decreases as the thermal gradient increases. It
was also shown that when establishing a progessd directional solidification pattern, centerline
porosity does not occur. One of the theories found in literature claims that the pressure drop is also
accountable for initiation and growth of hot tears, therefioedhermal gradient gets on the scene

again. Hot tears are also promoted by the extent or size of the mushy zone. The longer the area stays
in a semisolid state, the higher probability of hot tearbe termal gradient is again the factor

which decreases or increases the size of the rfusinsile stresses are found in the casting, they can
cause localized tensile straining in the weak, ssotid area which will not impose any major
resistance to the straining and a hot tear will be initiated.

As to macrosegregation ands&gregates iparticular, these are investigated in large steel castings.
Macrosegregation is caused by convective flow inside the solidifying melt. Again, it was found that if
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the extent of the mushy zone gets decreased by the increased thermal gradient, therbeniliatot
much time and chances to form theségregates. If a directional and progressive solidification
pattern towards the heaviest section, i.e. the riser, the residual liquid being rich on the solute
elements, will be pushed into the riser. It is very desirable for the structural integrity of castings to
have the positively segregated liquid in the riser(s) and the uniform solute distribution in the casting
body. One can see that it is possible to address hot tears and macrosegregation by optmizing, i.
minimizing, centerline porosity. In other words, if centerline porosity is eliminated by proper thermal
gradients and directional solidification, the other two defects should be eliminated as well. This is
clearly shown in the optimization section. Therafmentioned theory is always backed and supported

by industrial examples and case studies carried out during the PhD period.

The thermal model implemented in MAGMAsoft, predicting the behavior of castings during
solidification and solid state cooling is subsequently coupled with evolutionary-ghjétitive
algorithms (MOGA in MAGMAfrontier) in a search for the optimal casting design parameters,
namelythe riser(s) and chills design, which would minimize the issues with centerline porosity by
establishinga directional and progressive solidification pattern. By minimizing centerline porosity
and based on its relationship to hot tears and macrosegregation, it is possible to optimize these two
defects without a need of prescribing them as optimization olgectThere is no need to run the

very timeconsuming macrosegregation, convection and sgtesi analysis for all the designs in

the optimization run. Only simple thermal analyses are required to assess the thermal behavior of
each of the casting desigg When the optimal design with respect to minimized centerline porosity is
found and selected, just this one casting layout is subjected to macrosegregation, convection and/or
stressstrain analyses. Three case studies are shown in the optimizatioer cbaqtpport this theory.

Findings from the solidification and optimization chapters are, in the author’'s opinion, valuable for
many foundry engineers who deal with these defects on a daily basis. It was shown that one can
obtain reasonable information on macrosegregation and hot tears already from the standard thermal
analysis in MAGMAsoft, by checking the Niyama criterion, the thermal gradient criterion function
and the temperature distribution inside the casting. This should not be understoodeassfrain

analysis can be now totally neglected. Those who have access to the optimization tool
MAGMAfrontier can directly benefit from this work by learning that macrosegregation and hot tears
can be effectively optimized without even prescribing theth@®bjectives and without running the
time-demanding analyses.

5.2. Future work

The major area of focus during the PhD study has been numerical modeling and optimization of large
steel castings using MAGMAsoft. Since the author has always intendedtmagstl apply the theory

behind casting processes to industrial applications, a ress@ecied collaboration with Vitkovice

Heavy Machinery (VHM)Czech Republichas been established during the studies. Thus, all of the
case studies and examples, presented in this thesis, come from this foundry. Therefore, a natural
follow-up is that the future work will be closely related to this foundry and to MAGMA GmbH,
applying its numerical simulation tool.

Besides classical end products, i.e. shape castings, stealyfoundries also cast steel ingots which

are then taken as inputs for the subsequent forging operations. It is clear that the forged parts are not
always perfect, including internal/external defects or residual stresses which are then a cause of
rejedion. Such a rejection of let us say7/@ton crank shaft is extremely costly for the foundry since
approximately 140 tons of metal plus labor work got used just to manufacture this shaft. For such
foundries it is extremely important to determine wheeedéfects come from, whether from the ingot
casting or from the forging operation. There is basically no information or work done in this field that
would be described in literature. Therefore, a personal aim of the author is to fill this gap. Of course
this is not practically feasible without help and leadership of the participating partnerhei.e.
process modeling group of DTU, MAGMA GmbH and Vitkovice Heavy Machinery.

The idea is to model ingot castings, as precise as possible, to closely mimic the reality. Based on the
first assessment, the most critical aspects of the casting process will be identified. The most common
defects in ingot castings are centerline and shrinkage porosity, macrosegregation and sometimes hot
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tears. The optimization methodology presented in this thesis will be applied in the following
optimization procedure which will aim at modifying the casting layout and process parameters to
minimize the aforementioned defects. This optimized ingot layout will be subsequently exported
from MAGMAsoft together with its complete thermal history and defects prediction, and inserted as
an initial layout forFEA software to model the forging operation.

By taking the thermal history of the ingot into account, the forging operation should deliger m
more realityresembling results. At this moment, when modeling forging it is standard procedure to
assumea homogeneous distribution of mechanical properties, no residual stresses and no defects
inherited from the casting operation. When coupling thwsendependent manufacturing processes,

it will be possible to see where the defects, for instance porosity, will end up after forging, or whether
stress peaks will be located at areas which will be subsequenigrelyloaded during service.
Moreover,even though it is a long and very challenging run, ih&possible to simulatéhe load
situation on the forged part to see how the part behaves in its real working conditions.

One big advantage of having industrial partners involved in this projélcatighey, i.e. Vitkovice

H.M., will provide us with experimental, reatale results and microstructure analyses to compare
our results with. Having MAGMA GmbH involved gives us assurance of having access to the state-
of-the-art numerical solvers whichilvmake the modeling part as accurate as possible.

Besides this project, the author’'s focus will be put on applying various optimization techniques to
casting processes. Although the performance tlidé MOGA algorithm, implemented in
MAGMAfrontier, is pronising, giving good results, it could be nice to test the performance of a
different and newer optimization algorithm, e.g. NSGAA custom NSGAII algorithm has been
developed and tested on the chosen benchmark cadesuéa) by Dr. Tutum. The plantis couple

this custom algorithm with MAGMAsoft, throughe MAGMA API interface to test its performance

on real industrial cases where the Pareto front is not known.
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Chapter 6

6. Summary of Appended Papers and Reports

Paper |
Petr Kotas, Jesper Hattel, Jesper Thorborg, Ingvar L. Svensson, Salem Seifeddine.

Modelling of Filling, Microstructure Formation, Local Mechanical Properties and StreSsrain
Development in HiglRressure Die Cast Aluminium Castings

Published at the International Ph.D. Foundry Conference, Brno, June 2007, Czech Republic.

In this work, a concept of integrated modeling in casting processes, hamely in high pressure die
casting is presented. The objective is to demonstrate how the manufacturing process irttheences
defect distributio, local microstructure, final mechanical properties and subsequerviice
behavior of the casting. A test case of a complex-piglssure die cast part in an aluminium silicon
based alloy is considered including the simulation of the entire castowesgy; i.e. filling,
solidification and solid state cooling. The focus is on (i) filling and its effect on defects occurrence
and on final temperature distribution which directly influences the solidification pattern. (ii) How the
temperature fields cominfjom filling affect local microstructure formation and its coupling with
mechanical properties such as elastic modulus, yield stress, ultimate strength and elongation as well
as residual stresses. Subsequently, the casting is subjected to externalasetviaad the results of

this analysis are discussed in relation to the predicted local properties as well as the residual stresses
originating from the casting simulation.

Paper Il

Petr Kotas, Cem Celal Tutum, Olga Snajdrova, Jesper Thorborg, Jesér Hatt
A Casting Yield Optimization Case Study: Forging Ram

Published in the International Journal of MetalCasting, Vol. 4, Issue 4, (2010).

This paper summarizes the findings of mualjective optimization of a gravity sawadst steel part

for which an ncrease of the casting yield via riser optimization was considered. This was
accomplished by coupling a casting simulation software padidgaMAsoft® with its optimization

addon module MAGMA frontier. First, analyses of filling and solidification of the original casting
design were conducted in the standard simulation environment to determine potential flaws and
inadequacies. Based on the initial assessment, the gating system was redesigned and the chills
rearranged to improve the solidification patterfieAthese two cases were evaluated, the adequate
optimization targets and constraints were defined. One -ohjkictive optimization case with
conflicting objectives was considered in which minimization of the riser volume together with
minimization of shinkage porosity and limitation of centerline porosity were performed.
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Paper Il
Petr Kotas, Cem Celal Tutum, Sgren Andersen, Jesper Hattel.

Autonomous Optimization of a Solidification Pattern and its Effect on Porosity and Segregation in
Steel Castings

Accepted for an Oral Presentation at the"LMetalcasting Congress, Schaumburg, April 2011,
USA.

Accepted for publication in AFS Transactions 2011.

The present papeonsiders optimization of treolidification pattern of a gravity sammast steel part

That is, the choice of proper riser and chill designs has been investigated using genetic algorithms
while simultaneously considering their impact on centerline porosity and macrosegregation
distribution. This was accomplished by coupling a casting sitianl software package with an
optimization module. The casting process of the original casting design was simulated using a
transient 3D thermal model incorporated MAGMASoft® to determine potential flaws and
inadequacies. After this initial assessmeathew geometrical model was suggested with the
redesigned gating system and rearranged chills to obtain better filling and solidification patterns.
Based on the improved model, relevant optimization targets and constraints were defined. ©ne multi
objective optimization case with two conflicting objectives was considered in which minimization of
the riser volume together with minimization of centerline porosity and elimination of
macrosegregation issues were performed.

Paper IV
Petr Kotas, Jesper Thorbofgem Celal Tutum, Jesper Henri Hattel.
Elimination of Hot Tears in Steel Castings by Means of Solidification Pattern Optimization.

Presented at the International Steel Casting Conference, October 2010, Dresden, Germany.

Submitted to Metallurgical and Matal$ Transactions B February 2011.

In this paper, a methodology of how to exploit the Niyama criterion for elimination of various
solidificationrelated defects such as centerline porosity, macrosegregation but primarily hot tearing
in steel castings isresented. The tendency of forming centerline porosity is governed by the
temperature distribution very close to the end of the solidification interval, specifically by thermal
gradients and cooling rate. The physics behind macrosegregation and hotlieats that these two
defects are also heavily dependent on thermal gradients and pressure drop in the mushy zone. The
objective of this work is to show that by optimizing the solidification pattern, i.e. establishing
directional and progressive solidifigan with the help of the Niyama criterion, macrosegregation and

hot tears issues can be both minimized or entirely eliminated.

The casting process of an original casting layout was simulated using a transient 3D thermal fluid
model incorporated in a conertial simulation software packaddAGMAsoft®, to determine
potentialshortcommingsBased on the initial casting process assessment and when the major causes
for hot tearing were determined, medthjective optimization(using MAGMAfrontier), of the
solidification pattern of the considered steel part followed. That is, the choice of proper riser and chill
designs has been investigated using genetic algorithms while simultaneously considering their impact
on centerline porosity, the macrosegregation patedhprimarily on hot tear formation.

One multiobjective optimization case with two conflicting objectives was considered in which the
minimization of the riser volume together with the minimization of centerline porosity and
elimination of hot tear suspgbility were performed.
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Industrial Report

Petr Kotas, Jesper Henri Hattel

Casting Process Optimization of a Large Steel Ring With Respect to Centerline Porosity and Channel
Segregates

Presented to the foundry managenwr¥itkovice Heavy MachineryJuly 2010, Ostrava, The Czech
Republic

This reportdeals with optimization cdin entire casting process of a large (246 ton) steel ring with the
objective of eliminating problems with macrosegregation, particularly with channel segregates.
Moreover, it wase@quested to optimize the shape of the top tséncrease the casting yield

Two thorough numerical analyses of mould filling and solidificatiook place both accomplished
using the commercial simulation software package MAGMAsdFhese analysisgave detailed
informationaboutthe filling pattern, subsequent defects prediction and the temperature distribution
in the casting evoked by the modlling processthe temperature distribution during solidification

and the subsequent solid state cooligreover, it was possible to identify critical areas such as hot
spots, areas with inadequate and/or restricted feeding, or areas with thermal imbalance that may
evoke thermal stresses and strains. Last, convection and macrosegregation profiles vgeict insses
order to predict possiblissues with macrosegregation avith channel segregates.

The optimization was defined asgoal of finding the “most optimal” solution to the predefined
objectives, whichwere: (i) the minimization of the riser volume and (ii) the minimization of the
presence of centerline porosity. Wheenterline porosity is minimized by increasing thermal
gradients and by establishing a progressive solidification pattern, concentration sugjigesting
macrosegregatiorare positively affected as well, thereby suppressing the tendency to channel
segregation in the cast pdfbr this purpose, a builh optimizer MAGMAfrontier was applied.

After selecting the most favorable desigihis design wasanalyzed with respect to filling,
solidification and stresstrain toassesshe impact of the optimized features on the overall behavior.
The findings and proposals from this study were presented to the management of the foundry and
were evaluated as suitable for subsequent implementation.
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Abstract

This work summarizes the ndings of multi-objective gating system was redesigned and the chills rearranged
optimization of a gravity sand-cast steel part for which to improve the solidi cation pattern. After these two
an increase of casting yield via riser optimization was cases were evaluated, the adequate optimization targets
considered. This was accomplished by coupling a castingand constraints were de ned. One multi-objective
simulation software package with an optimization optimization case with conicting objectives was
module. The bene ts of this approach, recently adopted considered in which minimization of the riser volume
in the foundry industry worldwide and based on fully together with minimization of shrinkage porosity and
automated computer optimization, were demonstrated.limitation of centerline porosity were performed.

First, analyses of Iling and solidi cation of the

original casting design were conducted in the standard Keywords:casting process simulation, genetic algorithms,
simulation environment to determine potential aws riser volume optimization, casting yield, steel casting,
and inadequacies. Based on the initial assessment, thecenterline porosity, macro-porosity

Introduction terpretation and decision after each of the simulation runs.
Understanding the process enables a foundry engineer to
Today, there is a general trend to reduce production costsnake decisions that can affect both the part and the rigging
as much as possible in order to stay competitive and attracto improve the nal quality.
tive for potential and current customers. Production is no
longer governed only by experience-based innovation or The objectives which drive designers are generally well de
trial-and-error method. In this context, virtual prototyping ned: improve the component quality, achieve homogeneous
and testing by numerical simulation offers an ef cient way mechanical characteristics, maximize the casting yield, in
of reducing product development time, reducing costs of crease the production rates, etc. It may sound easy, but the
producing prototypes, shortening lead time and, above all,truth is that in reality it is very complex and time consuming
eliminating scrap. to achieve all these objectives at the same time, due to the
high number of variables involved. In many foundries, the
Metalcasting process simulation is used to provide detailedonly applied optimization is still based on experience and
information about mold lling, solidi cation and solid state  thus on the trial-and-error method. When using numerical
cooling, as well as, information about the local microstruc simulation, only a virtual casting is spoiled, in the case of an
ture, non-uniform distribution of mechanical properties error. No raw material is wasted, no mould is produced and,
and subsequently residual stress and distortion buifd-up. above all, no production loss is experienced.
Casting simulation tries to use physically realistic models
without overtaxing the computer. At the same time the Recently, rapid development of high performance comput
simulations need to give applicable results in the shortesting has substantially shortened the calculation time needed
time possible. Unfortunately, numerical simulations can for one variant of the casting process to be analyzed. It
only test one “state”, while conclusions from calculations is feasible to calculate numerous versions and layouts in
or subsequent optimization still require an engineer's in almost unlimited con gurations over night. The advantage
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of having such short calculation times can only be utilized
with a computer that can automatically analyze caleulat
ed variants with respect to the prede ned objectives (e.g.
maximum feeding, low porosity, low air entrapment etc.)
and subsequently create new variants and analyze them in
the same manner to achieve the optimal solution. By inte
grating such software for casting process simulation with
an optimization algorithm (in this case the Multi-Objec
tive Genetic Algorithm, [MOGAP which should not be
confused with the non-elitist MOGA developed by Fon
seca and Fleming},a computer-based optimization tool
is established which is able to determine optimal values of
user-de ned design variables, thereby optimizing a given
casting process with respect to de ned objectives. Subse
guently, such a system can readily provide optimal-solu
tions for any kind of casting proce$s?

This paper details multi-objective optimization of lling and

peratures, riser dimensions, alloy composition,
process parameters, etc.) are modi ed by the op
timization algorithm in order to meet the given
objectives.

U EOutput variables usually represent values calcu
lated in a standard casting simulation. The optimi
zation objectives are usually formulated by using
the output variables (e.g. when the porosities and
the volumes of the feeders in one design need to be
assessed for a feeder optimization).

U EConstraints are conditions for designs. They limit
the design space or the range of solutions. If-a de
sign does not satisfy these constraints, it is censid
ered unacceptable.

U EObjective functions —These are thaims and tar
gets that are the goal to achieve by means of op
timization. They maximize or minimize certain
combinations of output variables, e.g. min (volume

solidi cation patterns, together with the riser volume of a of a riser) or min (max. porosity).
steel forging ram cast into a furan sand mould, and presents
the results obtained from the study. Numerical multi-chjec When all this information is available an optimization loop
tive optimization is carried out by coupling the generalpur can be started.
pose casting simulation software package MAGMASOFT
with the add-on optimization module MAGM#ntier. Optimization Methodology
This study includes ve different layouts. The initial layoutis In the next few sections, a multi-objective optimization
obtained from a foundry that manufactures the forging ram. problem in the gravity sand casting process of a forging ram
The second layout with manually rearranged gating systemis presented. The objectives for this case study are the fol
and chills is also provided by the foundry. Three layouts arelowing: minimize the top riser volume, minimize shrinkage
generated by numerical optimization. The rst two designs porosity, and limit centerline porosity, by means of an-opti
are analyzed both in terms of lling and solidi cation, and mized arrangement of the chills.
the results are compared with the experimental casting trials.
No computerized optimization is involved. The three-opti The actual optimization cycle is initiated by establishing
mized designs are assessed only in terms of solidi cationa rst generation, i.e. a set of solutions, containing a user-
since the lling pattern remains unchanged; however the de ned amount of individual variables referred to as the
temperature elds at the beginning of the solidi cation are initial population or Design of Experiments (DOE) in the
inherited from the lling stage. Conclusions and proposals applied software package. Each individual represents one
are made from the various investigations and ndings in the design for the considered design variables, e.g. dimensions
study and presented in the last section of the paper. of the riser and the chills. For each of these designs a ther
mal (solidi cation) analysis is started, and the values for
the requested output variables are calculated. The lling
analysis is not performed during optimization since the
Before the optimization process can be started, a standard propgating system is kept the same as in the previous side- lled
ect must be de ned in the simulation software environment. case. The output data is used to compare and evaluate the
This includes a de nition of geometry in the pre-processor. different designs. After the rst generation has been cal
Furthermore, a suitable mesh must be generated and all relevaculated, the optimization algorithm evaluates the designs
process parameters adequately de ned. The optimization itselfrelative to the objective function(s) and constraint(s). Af
is based on performing a large sequence of “standard” calculaterwards, it generates a new set of solutions using-math
tions, each with different design variants. Therefore all designematical mechanisms that follow the concept of genetics,
variables must be de ned in a parametric way. i.e. selection, cross-over and mutation. This strategy is
consequently referred to as a genetic algorithRrom the
In essence, any constrained optimization method is based oalgorithmic point of view, the procedure can be described
the following scheme: a user formulates the problem in aas follows:
mathematical way by means of several paraméters:

Coupling of Simulation and Optimization Tools

1. Create the initial set of designs (initial population)
2. Calculate all designs and grade their performance
in terms of the objectives

U Input (design) variables together with allowed
ranges of variation. Design variables (initial tem
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3. Generate a new set of designs (new generation) byset includes numerous designs, from an engineering view
performing statistical evaluations (selection, cross- point it is more practical to select only a few or even one

over, mutation) solution among them. The selection of the “most optimal”
4. Repeat this procedure for the user-de ned number design depends on the user’s preference of importance of the
of generations different design criteria (e.g. porosity-free casting is more

important than having the highest casting yield).
The optimization cycle terminates when the stopping-crite
rion, i.e. the total number of generations, is reached. TheGenetic algorithms work with a set of solutions (popula
ow chart of the above described optimization procedure is tion) instead of a single point, as in gradient based{clas

depicted in Figure 1. sical) methods. This gives an opportunity to attack a-com
plex problem (discontinuous, noisy, multi-modal, etc.) in
Multi Objective Optimization Problem (MOOP) different directions, allowing the algorithm to explore as

well as exploit the search space. This capability gives a
Most engineering design activities require a solution of more robust search strategy compared to traditional al
multi-objective and multi-disciplinary optimization prob  gorithms. Since genetic algorithms do not need any gra
lems that in many cases deal with conicting objectives. dient information, they are suitable for black-box (e.g.
When considering these objectives, a number of alternativecommercial software) optimization applications. More
trade-off solutions, referred to as Pareto-optimal solutions,over, compared with classical optimization strategies
have to be evaluated. None of these Pareto designs can beased on gradient methods, genetic algorithms can ef
said to be better than the other without any additional-infor fectively utilize distributed computing facilities because
mation about the problem under consideration. In order toall individuals (designs) can be computed independently.
de ne the Pareto set, one has to apply the concept of-domi Besides that, they are typically able to provide a larger
nation, which allows comparing solutions with multiple ob  spectrum of Pareto-optimal designs without requiring ad
jectives. Most multi-objective optimization algorithms use ditional problem de nition. The availability of trade-off
the domination concept to search for non-dominated solu solutions, representing varying preference levels between
tions, i.e. the ones that constitute the Pareto-optimaf set, chosen objectives, makes it easier for a user to choose a
which is schematically shown in Figure 2. Since the Paretoparticular solution for subsequent implementatiofi.

Figure 2. Design and objective space related to a multi-
Figure 1. Flow chart of the optimization process. objective optimization problem, taken from reference. e
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The following case study shows that the previously de This assumption holds only in the case of gravity sand
scribed concept of a Multi-Objective Optimization Prob casting. The reasoning is that in sand casting the contact
lem (MOOP) is applicable and reliable for a variety of cast between the melt and the mould is poor from the begin

ing related issues. ning due to the rough surface of the mould. As a result,
there is a high resistance to heat removal, resulting in low

Case Study Description 1 — interface HTCs. When the casting shrinks during solidi

Original Casting Arrangement cation and solid state cooling, an air gap is formed in the

casting/mould interface, inducing even more resistance to
The project involved a steel forging ram manufactured the heat removal. Nevertheless, since the heat transfer has
by a gravity sand casting process shown in Figure 3.been poor from the beginning, the decrease in HTC due
Based on the thermal analysis of the part itself, a riserto volumetric changes is not that signi cant to the results,
was designed and placed on top of the heaviest sectionand the HTC can be assumed more or less constant (low)
In order to enhance the feeding ability of the risef, in over the entire casting process. Moreover, it is not primar
sulation was applied (Figure 4). The main cylindrical ily the interface that induces the largest resistance to heat
padding is insulating, the melt surface is covered by antransfer, but rather the large sand mould and its poor ther
exothermic powder, and on top of that additional insu mal properties that really govern the heat removal. Thus,
lating powder is applied. Next, it was determined that the HTC between the casting and the sand mould was set
the part be bottom-filled using a gating system €om to be 800 W/riK.
prised of the refractory tiles. The cross-section area of
the tiles is constant over the entire gating system. Last,Case Study Description 2 —
the chills were added around the cylindrical section of 0ODQXDOO\ ORGL{HG &DVWLQJ $UUDQJHP
the casting to establish directional solidification and to
push the macrosegregation-related flaws from the sur Next, the new casting arrangement with manually rede
face to further inside the casting. signed gating systems and rearranged chills were -devel
oped. The shape of the forging ram (Figure 5) was some
The original casting layout was simulated using the castingwhat different compared to the initial one in Figure 3, due
conditions and parameters listed in Table 1. Both lling and to the fact that the second layout was manufactured for a
solidi cation analyses were conducted. A stress analysis
was not considered in any of the presented cases.

Heat Transfer Coef cients (HTC) at the casting/mould
interface, are assumed to be temperature independent.

Figure 4. Initial casting layout. The riser is indicated

by green, chills indicated by light blue, and insulation
Figure 3. 3-D view of the cast part used in the project is denoted by dark blue (Courtesy of Vitkovice Heavy
(Courtesy of Vitkovice Heavy Machinery, a.s.). Machinery, a.s.).
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different customer who requested these geometrical adjustsolution to compare with the optimization results. It had
ments, i.e. a larger diameter of the cylindrical section andbeen decided to try to reduce the size of the top riser as
geometrical adjustments in the ram’s head. The aim was tamuch as possible to increase the casting yield, providing
investigate the effects of a cooling plate located underneaththat there were no defects occurring in the casting due to
the casting. In order to place the plate, the gating systemnthe riser’s reduced size. When the riser and the chills were
had to be changed from bottom lling to side lling. New transformed into parametric objects, the optimization pro
vertical runners were added to support lling in higher-sec cess was initiated. The design variables (those which are
tions of the casting and the chills were rearranged. 4n or subjected to optimization) are dimensions of the chills,
der to ensure suf cient cooling of the very bottom, thicker height and thickness of the bottom cylindrical chills, and
chills were added around the conical bottom section of theof the top riser, height, bottom and top diameters, and top
casting. New chills were incorporated into the top head diameter of the riser neck, s€able 2.

section of the casting. The changes are seen in Figures 5

and 11. Besides the mentioned geometrical changes, allThe main optimization objectives are to design the top
casting and simulation parameters are the same as in theser so the casting is sound (i.e. with minimum shrink

rst casting arrangement. age and centerline porosity) and at the same time the
top riser’s volume is as small as possible to increase the

Case Study Description 3 — casting yield. In this context, ‘casting yield’ is defined

Optimization of the Riser and Chills as the gross weight including the riser and the gating

system divided by the weight of the fettled casting. In
After inserting all datasets and parameters into the- stanterms of the MOOP, we deal with minimization of two
dard simulation environment, the manually re ned east conflicting objectives (min. porosity in the casting body
ing layout in Figure 5 was assessed to create a referencgs. min. riser volume).

Table 1. Material Settings in MAGMAsoft  ©

Table 2. Design Variables for Optimization
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In many engineering cases, more than two optimizatien tar With the help of the Niyama criterion, it is feasible to predict
gets are addressed. However, it is more complex or unfeathe presence of centerline shrinkage porosity, i.e. micro- and
sible to graphically visualize and reasonably evaluate moremacro-shrinkage in steels caused by shallow temperature
than two objectives. The only way for the optimization al gradientg® ?’ It indicates that in regions that solidify quick
gorithms to take the other optimization targets into censid ly, there must be hot metal nearby to establish a high-gradi
eration without prescribing them as objectives is to expressent to feed the shrinkage during solidi cation.
them by means of optimization constraints. Of course, one
should then expect the presence of unfeasible designs that did has been proven by numerous trials that for suf ciently
not comply with the prescribed constraints. Our optimiza large Niyama values, no shrinkage porosity forms. When
tion problem is constrained only by the prede ned ranges of the Niyama value decreases below a critical value, small
variation of the design variables (Table 2). amounts of micro-shrinkage begin to form. As the Niya
ma value decreases further, the amount of micro-shrink
Based on the number of design variables and their ranges ofige increases until it becomes detectable on a standard ra
variation, the optimizer generates the total number of fea diograph. This transition occurs at a second critical value.
sible combinations (the initial DOE sequence) by a DOE Both of these threshold values depend on the composition
sequence technique referred to as Full Factorial Design. Obof the alloy and, in some cases, on the casting process
viously, it would be very time-demanding to calculate all conditions.
possible designs, thus the initial population is provided by
the Sobol DOE sequence generating techniguich is a Based on a literature search and results obtained from the
guasi-random sequence. The points in this type of sequencenanufacturing foundry, it is determined that the critical Ni
are maximally avoiding each other, so the initial population yama value for macro-porosity for this particular steel alloy
ls the design space in a uniform manner. The optimization is Ny = 0.45 K-s) ¥¥mm. Everything above this value is

macro

run has been executed using the following parameters: assumed to be micro-shrinkage that will not be detected via
common radiographyThe second threshold value for-mi-
Initial Population: Sobol Sequence cro-porosity, above which the material is completely sound,
Population Size: 100 is set to be Ny_ = 1 (K:s)/mm. It should be emphasized
Number of Generations: 10 that the Niyama criterion only predicts feeding-distanee re

lated shrinkage; it does not explicitly predict hot spots in a

. o ) . aMo
Probability of Directional Cross-Over: 60% casting, and it does not predict gas pordity.

Probability of Selection: 30%

Probability of Mutation: 10%

Elitism: Enabled

Treat Constraints: Penalizing Objectives
Algorithm Type: MOGA Steady

The last task is to assess how the optimized riser in uences
the formation of the centerline porosity, represented by the
Niyama criterio® 24 in the simulation software enviren
ment. The minimization of the centerline porosity is neither
prescribed as an objective nor a constraint in the optimizer.
The optimization results are simply analyzed with respect to
the Niyama criterion in order to select the “most” optimal
solution on the Pareto line.

The Niyama criterion is a local thermal parameter de ned
as the relationship between the gradient (G) in K/mm and
the cooling rate (R) in K/s, both of which are assessed at
a speci ed temperature near the end of solidi cation, when
the solidi cation shrinkage forms (Equation 1). In the pres
ent study, the Niyama criterion is evaluated at a temperature
10% of the solidi cation range above the solidus tempera
ture. This is important to state, since the choice of Niyama
evaluation temperature can remarkably affect the resulting
Niyama valueg®

Figure 5. Manually optimized casting design (the result

Equation 1 fihe case study 2).
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Results and Discussion alloy steel or light metals. Figure 6 captures three differ
ent stages of the lling process.
In the three following sections, results obtained from the
simulations and casting trials are presented and discussedt can be seen in Figure 6(a) that due to a constant cross-
First, the numerical and experimental results from the-origi section area over the entire downsprue, the melt starts to
nal casting assembly are analyzed to establish a base casgpire from the mould walls and becomes oxidized. This
Then, the numerical results of the mould lling and selidi phenomenon can be explained by the continuity equa
cation processes based on the reworked chills and gatingtion. The melt experiences a free fall from the nozzle of
system are listed. In the last section, the results from thethe pouring ladle down to the bottom of the gating system.
multi-objective optimization problem (riser volume and During the free fall, it accelerates due to the effect of gravi
chill size optimization) are presented. At the end a compari ty and changes its area (the area decreases with the increas
son of the casting yield of the original and optimized designsing velocity). In order to compensate for the area reduction

is carried out. resulting in the aspiration from the mould walls, one has to
decrease the area of the downsprue accordingly. The nearly

Simulation and Casting Trial Results — ideal solution would be an application of a stream-lined

Original Layout gating systeni® However, for such a large cast part, this

solution is unfeasible. The stream-lined gating system is
The original casting arrangement, Figure 4, was simulat used mainly in gravity die casting. Another option would
ed both with respect to lling and solidi cation using the be the use of “choke” conical elements at several locations
casting conditions listed in Table 1. The lling analysis in the downsprue.
is supposed to indicate whether the current gating system
will provide uniform lling without any melt aspiration  Figure 6(b) shows that due to no velocity control during the
in the downsprue or surface turbulence that would likely early stage of the lling process, the melt reaches the mould
lead to excessive oxidation of the propagating melt,-caus cavity with a high velocity (approx. 5m/s). A very rapid en
ing various lling-related defects, e.g. reoxidation inclu trance naturally leads to a formation of fountains (1.47 m
sions, entrapped air pockets, &dhe primary source of  high) inside the mould cavity. When the melt starts to fall
oxygen in reoxidation inclusion formation is air, which down again, it splashes, becoming highly turbulent and dis
contacts the metal stream during pouring as well as theintegrated. In most of the bottom- lled casting assemblies it
metal free surface in the mold cavity during lling. The is a dif cult task to fully avoid this formation. Nevertheless,
oxide mixture that forms during pouring of carbon and it should always be the primary objective of a designer to
low-alloy steel is partially liquid? as opposed to the solid design such a gating system with all necessary attributes to
oxide Ims or particles that form during casting of high- keep this phenomenon at a minimum.

D ¢cOO0OHG E cO0OHG F cOO0OHG
JLIXUH 7KUHH GLIIHUHQW VWDJHV RI WKH ¢00LQJ SURFHVV RI WKH ERWWRP (OOH!
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Figure 6(c) indicates the melt falling down from the two top in the casting domain is the presence of a shrink (porous
runners on top of the melt front progressing from the bottom area). Areas solidifying early always “suck out” the- liq
of the mould cavity. This is again a feature that should beuid melt from areas solidifying last to compensate for the
kept at a minimum during lling for the same reason as the volumetric changes evoked by the solidi cation process.
fountains, i.e. oxidation. Moreover, an oxide layer is already As long as there is an open and active feeding path to
present on top of the melt front coming from the bottom, these areas, no problem occurs. However, when the liquid
which likely gets torn apart by the melt streams, and estab melt supply is cut off and drained, areas solidifying last
lishes surface turbulence and disintegration of the melt front.will be short of melt, so when the time comes for them
7TKH WKHUPDO DQDO\VLV GXULQJ MR Splidiy, m6 Dompher€atian Ydp e ioWrkiettic \shikifk
HITHFW Rl WKH WRS ULVHU DQG W Kage Wit R©O4vailable, |diMifgNis®to potosity Fis sEue
SODFHG DURXQG WKH F\OLQGULFD O isvddéreésed Qy RikansKolf thie DNy svneSdpitdgin function
in Figure 9.
In Figure 7 one can see that during the solidi cation- pro
cess, particularly at 42% solidi ed, there are indications Figure 9 shows the numerically predicted presence of cen
of isolated liquid pools in the lower section of the casting. terline porosity in the lower areas together with results
This fact raises a probability of porosity formation due to a obtained from the casting trials (by the radiographic-tech
lack of liquid feeding. The chills cool the cylindrical section nique). It is seen that the porous areas occured in the casting
too rapidly, compared to the very bottom area in which the where the isolated pools of liquid were once present. L.ook
cooling rate is lower due to the enlarged cross-section, thusng at the dimensions of the defect area, one can see a very
creating a hot spot. A potential remedy might be either to good agreement between the two types of results (numeri
increase the thickness of the chills towards the bottom areacal- red [right]vs.experimental- black [left]). The close eor
or to redesign the gating system so that there is a chance teelation also justi es the use of the Niyama threshold value
add a chill plate underneath the casting bottom. This wouldof 0.45 for this particular steel alloy. However, it should be
signi cantly promote cooling of the bottom of the casting emphasised that the geometrical extension of the shrinkage
and directional solidi cation towards the riser. This will be obtained numerically, to some extent is approximate due to
addressed in the following section. its dependency on the mesh quality.

A direct consequence of having both isolated liquid pools Figure 10 shows the results obtained from the casting tri
(Figure 7) and very at temperature gradients (Figure 8) als. The cast part was cut into several sections, and the po

Figure 7. Fraction liquid criterion function indicating an Figure 8. Gradient criterion function depicting a very
isolated liquid pool in the bottom section of the cast part shallow gradient in various areas of the casting.
DW VROLGL:HG
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rous area (also predicted by the simulation) was detectedo establish a directional solidi cation towards the heaviest
and measured. Besides the macro-shrinkage, both V- andop section where the riser is placed to keep the feeding path
A-type macrosegregation bands are spotted in the castingopen as long as it is necessary. This was pursued by the rear
A general cause of the macrosegregation is relative move rangement of the chills and by adding a chill plate underneath
ment or ow of segregated liquid and solid during salidi  the casting bottom. Due to the chill plate, the bottom lling
cation. The most common form of solid movement is the was no longer feasible. Therefore, the gating system was
settling or oating up of small solid pieces formed early in somewhat redesigned, which after the rst lling analysis was
the solidi cation process. strongly recommended anyhow. The reason for adding the
vertical extensions of the two horizontal runners is to reduce
These solid pieces may be dendrite fragments that separathe kinetic energy of the melt. This is a very easy way to slow
ed from an existing solid structure or equiaxed grains thatdown the melt front. However, in many foundries worldwide
nucleated in the bulk liquid. They settle or oat, depending it has been overlooked and not applied.
on their density relative to the liquid. The solid pieces-gen
erally have a composition different from the nominal alloy Figure 11 shows early stages of the lling process. One
composition, and their movement to different parts of the can argue that the new gating system really improved the

casting thus induces macrosegregatiofi. lling pattern. The two vertical extension channels signi
cantly slowed down the melt (approx. 4m/s in the runners

Simulation Results — compared to almost 10m/s in the original layout) and thus it

ODQXDOO\ 5H¢(,QHG /D\RXW propagates uniformly towards the thin gates. When the melt

reaches the cavity it does not form fountains but creates a
After the initial assessment of various stages of the manu relatively small splash during impingement of the streams.
facturing process, potential drawbacks and defects wereA solution to this problem might be an application of-tan
recognized. This was then veri ed through casting trials by gentially oriented thin gates, which then help to avoid any
creating a solid ground for subsequent improvements andmpingement of propagating melt fronts.
optimization.

However, since the shape of the downsprue remained un
Since centerline porosity depends primarily on thermal gradi touched, melt aspiration is still seen at that area. This issue
ents and the cooling rate, the next step was to induce steepeshould really be addressed by the manufacturing foundry to
thermal gradients in the section surrounded by the chills andeliminate oxidation of the melt in the downsprue area.

Figure 9. Prediction of the centerline macro/micro Figure 10. Results from the casting trial - presence of
shrinkage and its experimental validation obtained from porous areas and bands of macrosegregation, (Courtesy
the foundry. of Vitkovice Heavy Machinery, a.s.).
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It was expected that the new system of chills will change thevia enhanced chilling readily eliminated likelihood of its
solidi cation pattern of the casting and will have positive formation see Figure 13. The only two areas that might be
effects on the formation and distribution of the defects. The of concern are the two bottom pins. In the originat lay
results are captured in Figures 12-14. In Figures 12a, b a newaut, no porosity was present in these areas however this is
solidi cation pattern was predicted by means of the fraction not true for the current layout. This is depicted in Figures
liquid function at 42% and 75% solidi ed. 13 and 14. Considering that part is used for transportation

purposes and the entire casting weighs around 58 tons, this
The size of the riser together with the new arrangementporosity cannot be neglected as it corrupts the mechanical
of the chills obviously positively affected solidi cation, properties and weakens those areas. This issue can be elim
completely avoiding the isolation of the liquid pools seen inated by adding a suf cient draft to the pins and changing
in Figure 7. Moreover, the steel plate placed below the their solidi cation pattern. The critical value for porosity
casting evoked rapid cooling and facilitated directional so in Figure 14 has been set to 1%. Areas containing less than
lidi cation toward the riser. The comparison of centerline 1% porosity are considered “healthy” and thus they are |
porosity indicates that the increased temperature gradientsered out by the X-Ray function.

Velocity Velocity

[cm/s] [em/s]

Empty Empty

887.7 817.3

824.9 758.9

760.9 700.6

697.5 642.2

634.1 583.8

570.7 525.4

507.3 467.0

443.9 408.7

380.4 350.3

317.0 291.9

253.6 2335

190.2 1755

126.8 116.8

63.4 58.4

0.0 0.0

@ (b)
JLIXUH 1HZ ¢00LQJ SDWWHUQ GXH WR WKH UHGHVLJQHG JDWLQJ V\VWHP

JLIXUH D ,PSURYHG VROLGL¢(FDWLRQ)EPMWIMHUR GIIFWRR®/ KOH TXLG DW VROLGL
reworked system of the chills- 42% solid.
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Simulation Results — user to determine which solution out of the Pareto set will
Optimized Riser and the Chilling System be the most desirable. In other words, the user has-to g
ure whether he/she wants to minimize the riser as much as
After the two preceding analyses, one might think that a possible, at the cost of increased porosity, or to have a po
reasonably good solution has been found. The gating sysrosity-free casting with a slightly larger riser. In our case,
tem has been improved; the solidi cation pattern changedthree distinct designs were selected. The rst one, marked
and fewer defects are present. This was also con rmed byl in Figure 15, does not lie on the Pareto set and represents
the manufacturing foundry which is using this improved the most modest solution- i.e. the largest riser volume. It
design at the present state. Thus it is a favorable state foshould be emphasized that although it may not be clear
a subsequent geometry optimization. Both of the previousfrom the gure, solution 1 is dominated by solution 2. The
designs weighed approximately 60 tons together with thesecond one, marked 2, resembles a single optimum case,
riser and gating system. From Figures 13 and 14, it is seerthe lowest amount of porosity, and the third one, marked 3,
that the major shrinkage pipe in the riser is still too far from stands for a trade-off solution, see Figure 15.
the actual casting body to be critical. Therefore, there is
room for a volume reduction to obtain an increased- cast The three designs have then been analyzed in the standard
ing yield. From now on, only the solidi cation results will  simulation environment. In order to obtain realistic tem
be discussed since the gating system remained unchangeg@erature elds during solidi cation, lling has also been
and thus the lling pattern did not change. considered in the simulation, but its results are not shown
here. The reason for choosing such designs was: The pri
The objective space for the optimization problem in Figure mary aim has been to keep the level of porosity very low-
15 is constructed by the two following objectives: mini possibly not above the value of the original design, but
mize shrinkage porosity and minimize the remaining vol still increasing the casting yield. That is why the focus
ume of the top riser. The rst objective is represented by was put on the solutions very close to the Y-axis. More
the Weighted Volume Porosity which stands for the total over, the manufacturing foundry wanted to see different
volume of areas having issues with porosity. The remain layouts-from “modest” to those “on the edge” to make a
ing volume of the riser is then calculated as the geometri better comparison and decision as to which solution-to se
cal volume of the riser minus the volume of the shrinkage lect for the subsequent production. From the optimization
pipe in the riser. Several features in that gure should be perspective it is given that the best solutions constitute
addressed. The blue line is the Pareto set which is comthe Pareto line, so why should we pick a design not on
prised of the non-dominated solutions, but, it is up to the the Pareto line that is solution 1? Many foundries prefer a

Figure 13. Prediction of centerline porosity. Figure 14. Distribution of macroscopic shrinkage.
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very safe solution to compensate for potential aws-dur porosity far from the casting and still has its total volume
ing production, e.g. human factors, deviations from alloy remarkably smaller than the original layout. Figure 16
compositions, etc. Solution 1 was selected for the subse depicts the three selected designs. Information regarding
guent analysis because it has a large enough riser to keegimensions of the optimized designs is listed in Table 3.

Table 3. Comparison of the Three Optimized Designs

2000

Remaining Volume of the Top Riser

1000

500000 1000000

Weighted Volum of Porosity
Figure 15. Design space with the highlighted Pareto set.

@ (b) (©

Figure 16. Three distinct designs proposed by the optimization tool.
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Regarding the solidi cation patterns of the three optimized In Figure 18, the centerline porosity is expressed by the Niyama
designs, no isolated liquid areas are forming in the bot criterion. The light blue areas stand for values of 0,4 and lower
tom area as in the original layout, depicted in Figure 7. which will contain macroscopic shrinkage. Everything above
The bottom chill plate and the stair-type chill around the the 0,45 up to 1 will most likely be microporosity, not detect
conical section induced directional solidi cation towards able by the radiography techniques. It is seen that despite solu
the thermal axis and the riser. Solidi cation patterns were tion 3 being on the edge, it still shows no occurrence of porosity
checked over the entire solidi cation interval. It was found in the casting body. Only the bottom pins contain small porous
that none of these designs exhibit apparent isolated liquidareas. The reasonable remedy for this was addressed earlier.
areas although solution 3 is really on the edge later-in so

lidi cation in an area right below the riser-neck, see Figure A similar situation applies for shrinkage porosity shown in
17. The reason is that the riser is too small and the -heaviFigure 19. The casting body appears to be porosity free in all
est section of the casting slowly begins to be the last tothree cases, except for the pins again.

solidify. If one should fully rely on the numerical results,

solution 3 would be good enough for production. However, The last assessment concerns the casting yield. The aim of
simulation does not take into account all crucial factors thatthe entire project has been primarily to eliminate the presence
occur in practice. For instance the quality of the melt can of various casting defects. Once this was achieved, the next
be compromised by a dirty ladle with residuals from the step was to optimize the riser volume for the casting yield im
previous batch. Next could be the human factor, whieh of provement. The results of this assessment are given in Table
ten compromises the quality of a casting process. Having4. Compared to the original design, the casting yield could be
all this in mind it was decided together with the foundry not increased by approximately 25% if the optimized solution 3
to go for solution 3 to avoid failure in production. But this was applied. Due to a high risk of shrinkage occurrence below
solution is still shown and discussed here. the riser neck, solution 3 was not approved for production.

Table 4. Casting Yield Assessment

(@) (b) ©
JLIXUH 6ROLGL{FDWLRQ SDWWHUQ RI WKH WKUHH RSWLPL]JHG GHVLJQV DW

International Journal of Metalcasting/Fall 10 73

VRC



Conclusions to minimize the remaining volume of the top riser and
avoid (minimize) shrinkage and centerline porosity in the

This work showed a study of a multi-objective optimiza casting body.

tion problem that has been carried out for a steel forging

ram produced by the gravity sand casting technique. TheThe rst step was to thoroughly analyze the original cast

main idea of this case study was to demonstrate how fullying layout provided by the foundry. Both lling and-so

computerized optimization can be effectively utilized in lidi cation analyses were performed and potential aws

daily foundry practice. The optimization objectives were and defects were revealed. The results of lling indicated

@) (b) (©

Figure 18. Occurrence of centerline porosity in the optimized designs.

@) (b) (©)

Figure 19. Occurrence of macroscopic shrinkage in the optimized designs.
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de ned design variables. And they are. However, this analy
sis was not stated in the paper, due to its already large size.
If the question is whether the optimization software proposes
some more design variables or factors that might be in-uen
tial , the answer is NO, this was not done and is not possible
to do. Every time, a user has to de ne all the variables; con
straints, objectives and other parameters and the software
only works with those.

Reviewer: Were any trials run for the optimized solution to
ensure casting soundness and that no other defects were cre

Reviewer: Can any sensitivities be evaluated after all the ated due to the recommended changes?

simulations are run to determine if other factors should be
studied, e.g. upper chills required or effect on riser size?

Authors: No casting trials based on the optimized solu
tions and proposals have been performed by the foundry yet.

Authors: A classical sensitivity analysis is possible to carry However, there is a promise from them to take our results
out in the optimization software. It was done to evaluate into considerations, apply the ndings and perform the riser
if both of our objective functions are sensitive to the pre volume reduction in the next casting batch.
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ABSTRACT

The present paper considers optimization of a
solidification pattern of a gravity sand-cast steait. That

is, the choice of proper riser and chill designs baen
investigated using genetic algorithms while
simultaneously considering their impact on centerli
porosity and macrosegregation distribution. Thisswa
accomplished by coupling a casting simulation saftv
package with an optimization module. The casting
process of the original casting design was simdlatéing

a transient 3D thermal model incorporated in a
commercial simulation software package to determine
potential flaws and inadequacies. After this initia
assessment, a new geometrical model was suggeited w
the redesigned gating system and rearranged doills
obtain better filling and solidification patternBased on
the improved model, relevant optimization targetsl a
constraints were defined. One  multi-objective
optimization case with two conflicting objectivesasv
considered in which minimization of the riser voleim
together with minimization of centerline porosityica
elimination of macrosegregation issues were peréorm

Key Words: Casting process simulation, genetic
algorithms, riser volume optimization, casting gliesteel
casting, macrosegregation, centerline porosityinkage
porosity

INTRODUCTION

Nowadays, a general trend is to reduce productastsc
as much as possible in order to stay competitivé an
attractive for potential and current customers. ttis
context, virtual prototyping and testing by numalic
simulation offer an efficient way of reducing pradu
development time as well as costs of producing
prototypes, shortening lead time and eliminatingsc

Metal casting process simulation is used to provide
detailed information about the mold filling, sofidation

and solid state cooling, and with that, also infation
about the local microstructure, non-uniform disitibn

of mechanical properties and subsequently resistuess
and distortion build-up®. Casting simulation tries to use
physically realistic models without overtaxing the
computer. At the same time the simulations neegie
applicable results in the shortest time possible.
Unfortunately, numerical simulations can only teste
“state”, while conclusions from calculations or
subsequent optimization still require an engineer’s
interpretation and decision after each of the satioth
runs. Understanding the process enables a foundry
engineer to make decisions that can affect bothptre
and the rigging to improve the final quality.

The objectives which drive the designers are gdiyera
well defined: improving the component quality, ashing
homogeneous mechanical characteristics, maximittiag
casting yield, increasing the production rates, #tds
very complex and time consuming to achieve all ¢hes
objectives at the same time due to the high nunober
variables involved. In many foundries the only égqbl
optimization is still based on intuition and thus the
trial-and-error method. While, when using numerical
simulation, in the case of an error, only a virtcasting is
spoiled, no raw material is wasted, no mould idpoed
and above all no production loss is experienced.

Rapid development of high performance computing has
substantially shortened the calculation time neefird
one variant of the casting process to be analy@eer
night it is feasible to calculate numerous versiamsl
layouts in almost unlimited configurations. The adtage

of having such short calculation times can onlybkzed
providing that a computer can automatically analyze
calculated variants with respect to the predefined
objectives (e.g. maximum feeding, low porosity, law
entrapment etc.) and subsequently create new vsudaual
analyze them in the same manner to achieve thenapti
solution. By integrating such software for castprgcess
simulation with an optimization algorithm (in thiase the
Multi-Objective Genetic Algorithm, MOGA which



should not be confused with the non-elitist MOGA
developed by Fonseca and Flenfjnpga computer based
optimization tool is established which is able aiedmine
optimal values of user-defined design variablegetine
optimizing a given casting process with respeatafined
objectives. Subsequently such system can readilyighe
optimal solutions for any kind of casting proceSses

This paper details multi-objective optimization af
solidification pattern of a steel forging ram ansl éffect
on shrinkage porosity and macrosegregation pattern.
Numerical multi-objective optimization is carrieditoby
coupling the general-purpose casting simulatiotwsoe
package MAGMASOFY with the add-on optimization
module MAGMAfrontier.

The study includes three different layouts. Theiahi
layout is provided by a foundry (Vitkovice Heavy
Machinery) that manufactures the forging ram. The
second layout with manually rearranged gating syste
and chills is also provided by the foundry althowggime
changes in the layout are made by the authors,tlaad
third layout is purely generated by the numerical
optimization. All of the designs are simulated uudihg
the filing of the mold cavity to obtain an accwat
temperature field inside the casting for the foilogv
solidification simulation. However, only resultoifn the
solidification simulation are presented and disedsdn
case of the first layout no computerized optimizatis
involved. The second layout is taken as a referesrce
starting solution for the following autonomous
optimization. The last design is a result of mabjective
optimization. Conclusions and proposals are madm fr
the various investigations and findings in the gtughd
are presented in the last section of the paper.

MODELLING PROCEDURE

DESCRIPTION OF THE CASTING

The project involves a large (59.6 ton, maximum
dimensions 5.3 x 2.4 x 2.3 m) steel forging rdfigure

la made of a low carbon steel alloy DIN 1.1120, pdure
into furan bonded silica sand with an insulated fispr,
shown in Figure 1b. The main cylindrical padding is
insulating, the melt surface is covered by an exwitic
powder and on top of that additional insulating pdewis
applied. The original casting arrangement is botfiblied
assuming an initial pouring temperature of 15402084
deg. F). The filling time is 120s. One hour aftilinf,
additional top filing of the riser takes place to
compensate for the volumetric shrinkage and to éedu
favorable temperature gradients. The chill bricke a
placed around the lower cylindrical section of dasting

to facilitate directional and progressive solidifion
towards the riser and to prevent potential
macrosegregation-related flaws.

FILLING AND SOLIDIFICATION ANALYSIS

Casting process simulation starts with a geometfindd
as a 3D CAD model of the casting, mold, gatingllghi
riser and the insulating padding. Material groufinitgon

is done in the software’s preprocessor. Next, gangetry

is properly meshed and all necessary informatidetirg

to the molten metal chemistry, pouring temperatticsy
properties, interface heat transfer coefficientsT @)
thermodynamic properties, and mechanical properties
must be introduced into the system. Regarding HiliBea
casting/mould interface, it is assumed temperature
independent and it was set to be 800 WmThis
assumption holds only for gravity sand castingvitiich
the solidification results are relatively insensgtito the
HTC since the thermal properties of the sand tylyica
dominate the cooling of the casting. The assumpigon
that in sand casting the contact between the melttlae
mould is poor from the very beginning due to thagto
surface of the mould. As a result, there is a héglistance

to heat removal, giving low interface HTC. When the
casting shrinks during solidification and solid tsta
cooling, an air gap is formed in the casting/mould
interface, additionally increasing resistance te treat
removal. Nevertheless, since the heat transferbeas
poor from the very beginning the decrease in HTE wu
volumetric changes is not that decisive for theiltesand
the HTC can be assumed more or less constant (eer)
the entire casting process.

Fig. 1. The cast part used in the project and the i nitial
casting layout. The casting is indicated red, chill s
indicated green; insulation is denoted dark blue,
(Property of Vitkovice Heavy Machinery, a.s.).

After all process parameters are entered, fillifigthe
casting can be simulated. A flow rate boundary danu
is selected to control the filling process whicltt@amts
for a change in overpressure during filling usirgitdm-
pour ladles. Once filling is modeled, resulting parature
fields in the casting are taken and used as art fopthe
subsequent heat transfer calculation during satatibn
and solid-state cooling of the casting. The heamdfer
calculation gives temperature fields and distritmsi of
various defects arising during solidification andtlier
cooling. Results predicting defects occurrence,. i.e
shrinkage porosity, centerline porosity, macrosgatien



etc., are used to evaluate the casting soundnekstsan
overall quality.

The formation of centerline porosity is represertgdhe
Niyama criterior’. It is a local thermal parameter defined
as the relationship between the thermal gradientigG
K/mm and the cooling rate (R) in K/s, both of whiate
assessed at a specified temperature near the end of
solidification, see eq. (1). Shrinkage porositydiceed by
the Niyama criterion usually forms in the mushyioegat
high solid fractions. At lower solid fractions, tpheessure
drop which governs this type of porosity is nedilgi
small. Therefore, in a casting simulation, the Niga
criterion is always evaluated at a temperature treaend
of the solidification interval. In the present spudhe
Niyama criterion is evaluated at a temperature bd%he
solidification range above the solidus temperature.

Niyamazi
JR
With the help of the Niyama criterion, it is fedsilto
predict the presence of centerline shrinkage ptfose.
micro- and macro-shrinkage in steels, caused bjjosha
temperature gradiertts’® It indicates that in regions that
solidify quickly, there must be hot metal nearby to
establish a high gradient to feed the shrinkagendur
solidification.
Based on literature search and findings providedhay
manufacturer, it is determined that the criticalyda
value for macro-porosity for this particular stedlby is
NYmacre= 0.45 (K-s)¥mm. Everything above this value is
assumed to be a micro-shrinkage that will not tealed
via common radiography The second threshold vabue f
micro-porosity, above which the material is comgliet
sound is set to be Nyo= 1 (K-s}’mm. The Niyama
criterion only predicts feeding-distance relatedrétage;
it does not explicitly predict hot spots in a cagtiand it
does not predict gas porosity
Macrosegregation refers to solute inhomogenitiethat
macroscopic scale in metal alloy castings and range
scale from several milimeters to even meters. These
compositional variations have a negative impacfioal
properties, i.e. microstructure, mechanical propgrtand
in-service behavior of a cast part. Macrosegregatto
caused by relative movement or flow of segregatpdd
and solid within the mushy zone during solidificati
Thelge are four major causes of macrosegregati@seth
are™:
(@) Macrosegregation associated with solidification
shrinkage i.e. flow that feeds the solidification
shrinkage and the contractions of the liquid antddso
during cooling,
(b) Macrosegregation associated with natural or forced
convection If the velocity of the liquid is perpendicular to
the solute gradient, no macrosegregation occures.
However, macrosegregation is induced when the flow
enters or exits the mushy zone.
(c) Macrosegregation associated with grain movement
As long as the grains move with the same velodtyhe
liquid, there is no macrosegregation. However, axgdl

guation 1

grains have a tendency to sediment or, in certases, to
float, giving rise to macrosegregation.

(d) Macrosegration associated with deformation of the
solid networkin the mushy zone due to thermal and
shrinkage stress, head pressure, or external famcdhe
solid shell. In other words, the mushy solid belsdike a
sponge causing the liquid to be expelled (when in
compression) or sucked in (when in tension).

Flow due to thermal and solutal gradients in thoid
leads to formation of so-called channel segregates,
commonly referred to A- segregates or frecklesclies

are typically initiated by convective instabilitiebove or
inside the mushy zone, i.e. when the velocity efltuid

in the mushy zone exceeds that of the isothermthed
segregated interdenritic liquid becomes less dehaa

the overlying bulk liquid of original compositiorThis
phenomenon eventually leads to open channeldptal
remelting due to solid fraction decrease, in thesimu
through which the solute-rich and low-density ldjui
flows upward into the bulk liquid region. These ope
channels are associated with local increase in
permeability which allows for the liquid to flow nm®
easily, thus enhancing remelting and macroseg@uyati
When the channels eventually freeze, they appear as
pencil-like chains of equiaxed crystals that arghhi
enriched in soluté. It has been shown in the literattfre
that if temperature gradients and the casting speed
isotherm velocity, are high enough, freckles ass lékely

to form. One could thus argue that in this regard
centerline shrinkage and channel segregationswolko
similar trend although, they are not necessarilyegoed

by the same physical phenomena. It means that in
principle enhanced thermal gradients and progressiv
directional solidification with sufficiently tapedepool of
liquid metaf® should decrease a risk of both of these
defects. Therefore in this present work, the méjaus

will be put on optimizing the chilling system to ake
steeper thermal gradients and to establish a prooeal
progressive solidification pattern.

OPTIMIZATION PROCEDURE

In the present study, unknown shapes and sizdsedbp
riser and the chills are sought by means of autausm
optimization to obtain a better solidification matt of the
casting. This issue has been addressed by defthiag
problem as a multi-objective optimization problem
(MOP) by combining multiple conflicting criteria,ei.
minimization of the riser volume and minimizatio o
centerline shrinkage porosity and macrosegregation,
respectively. The multi-objective genetic algorithm
(MOGA)® has been applied to handle these multiple
objectives. In the following sections, a brief dgstion of
MOP and genetic algorithms is given followed by an
introduction to the considered optimization problem

INTRODUCTION TO MOP AND MOGA
Most engineering design activities require a solutof
multi-disciplinary and multi-objective  optimization



(MOOQO) problems which usually deal with conflicting
design objectives. In the case of single-objective
optimization problems, it is easier to identify tbptimal
solution as compared to the case of MOO where tisere
more than one criterion to satisfy, i.e. hence ntban
one best (elite) solution to consider. As it wasfpuward
by Goldberd® "if we refuse to compare apples to oranges,
then we must come up with a different definition of
optimality, one that respects the integrity of eathour
seperate criteria” which points out the concepPafeto
Optimality, correlated to the fundamental concept o
domination. Since the concept of domination alloavs
way to compare solutions with multiple objectivesyst
MOO algorithms use this domination concept to dearc
for non-dominated solutions, i.e. the ones thatstitute
the Pareto-front as shown Figure.2(c). This concept
can be explained with a simple example in a 2D ahje
space, in which the minimization of both objective
functions (i.e. f and §) is considered, as shown in
Figures.2(a-c) In Figure.2(a), point-1 representing a
solution or a design which splits the 2D objectsgace
into two zones: the first zone (the shaded regitm®;set
of the points dominated by point-1, and the secomk;
the set of points not dominated by point-1 (the aigimg
three quadrants), i.e. the non-dominated or noriofset
of points. Thus, the two conditions stated belowdé&
be satisfied if point-1 dominates point-i, wheranpo is
any other design point in the objective space

point-1 is no worse than point-i in all objectives.

point-1 is strictly better than point-i in at least

one obijective.
These two statements give a general descriptiorthier
comparison of the two solutions in terms of "betéss",
hence emphasizing the applicability of this congami
for other types or combinations of conflicting atijees
besides the minimization — minimization type asvadn
Figures.2(a-9, i.e. maximization - maximization,
maximization — minimization as well as minimizatien
maximization.

Figure 2. (a) The two separate sets of
solutions defined with respect to
point-1: i) the set of dominated
solutions (the shaded region), ii) the
set of non-dominated solutions
(adapted from [22]) [23].

In case of having a population composed of e.ge fiv
points as shown irFigure.2(b), a need for an overall

Figure 2. (b) Each solution in a
population has its own sets of
dominated and non-dominated [23].
solutions (inspired by [24]) [23].

relation of dominance arises, i.e. the one-to-one
comparison made for point-1 should be generalized f
each point.Figure.2(b) shows the distribution of these
five points together with their domination regionkich

are distinguished with different tones of colorgl anis
clearly seen that point-4 dominates points-1, 2 amdth
respect to all objectives, while point-3 dominaaéiother
points (i.e. strictly better) only with respect tioe first
objective for the given distribution. However, snc
points-3 and 4 are not dominated by any other ppthey
constitute the non-dominated front which is alsdleca
the Pareto-optimal front, seeigure. 2(c) in an MOO
context. A similar comparison will reveal that peihand
point-5 constitute the next domination front whiah
itself is dominated by the Pareto front and showrthee
closest dashed line to the Pareto frorfigure.2(cf>
Population-based evolutionary algorithms are typica
able to provide a larger spectrum of Pareto-optimal
solutions without any additional problem specifiocatas

in some algorithms designed specifically for theC50
problems. This ideal approach of evolutionary MOO
algorithms replaces some of the potential weakizesfe
gradient based algorithms in some cases, e.g. when
having a non-continuous or non-convex search sfgdwe.
availability of trade-off solutions, representingrying
preference levels between chosen objectives, miékes
easier for a user to choose a particular solution f
subsequent implementatfoit’.

PROBLEM STATEMENT — OPTIMIZATION OF THE
RISER AND CHILLS

The optimization problem here is defined as thel gba
finding the most suitable shapes of the top riset #ne
chills surrounding the casting, which provide a eét
trade-off solutions for the minimization of two dbcting
objectives. These are, (i) to design the top dsethat the
casting is sound (i.e. with minimum centerline skage
porosity and evenly distributed concentration pesfiof
solute elements) and (ii) at the same time havirgpa

Figure 2. (c) The dominated and non-
dominated (Pareto-optimal) fronts

riser’'s volume as small as possible to increase#séing
yield. In this context, ‘casting yield’ is defineas the



gross weight including the riser and the gatingteays
divided by the weight of the fettled casting.

Prior to optimization, it was decided by the mawtifiser

to redesign the chills. The primary aim is to faate
directional and progressive solidification towattle top
riser to eliminate potential porosity and channel
segregation, i.e. A- and V-type segregates. Toeaehi
this, a cooling plate is added underneath the r@astnd
wedge shaped chill blocks are added adjacent thad'h
area of the casting. In order to place the pléte,gating
system has to be modified from bottom filling talesi
filling. Also, new vertical runners are added tgpart
filling in higher sections of the casting. Furthems, the
chills around the cylindrical section are rearrahgebit.

In order to ensure sufficient cooling of the vegttom,
thicker chills are added around the conical botsattion

of the casting, se&igure 11 Solution 1. Besides the
mentioned geometrical changes, all casting and
simulation parameters remain the same as in ths¢ fir
casting arrangement.

The manually refined casting layout is taken as a
reference solution to compare the optimization Itssu
with. It has been decided to try to reduce the sizthe
top riser as much as possible to increase thengagitld,
providing that there will be no defects occurrimgthe
casting due to the riser’s reduced size. Whenidiez and
the chills are transformed into parametric objetts
optimization process is initiated. The design Jalga
(those which are subjected to optimization) are:
dimensions of the chills- height and thickness loé t
bottom cylindrical chills, and of the top risers-teight,
bottom and top diameters, and the top diameteref t
riser neck. It would be very time consuming to okdte
thermal convection and segregation for each design
during the optimization cycle. Thus, only selectiedigns
constituting the final Pareto line are analyzechwéspect

to macrosegregation.

The initial population for the MOGA algorithm
containing 100 unique designs is provided by thbdfo
DOE sequence generating technique which is a quasi-
random sequence. The points in this type of sequane
maximally avoiding each other, so the initial paiidn
fills the design space in a uniform manner. Theusesl
optimization problem is constrained only by the
predefined ranges of variation of the design véemsblhe
directional cross-over, the selection and the nunat
probabilities of 0.6, 0.3 and 0.1, respectivelye ahosen
for running 20 generations giving in a total numloér
2000 possible solutions. In addition, elitism iplgd to
support convergence in the optimization problenitidah

is a GA operator (in general, an evolutionary athon
operator) to keep the best designs found so fathén
evolution of the generations.

RESULTS AND DISCUSSION
In the two following sections, results obtainednfrahe

simulations and casting trials are presented asclidsed.
First, the numerical and experimental results from

original casting assembly are analyzed to estaklibase
case. Then, the results from the multi-objective
optimization problem (riser volume and chill size
optimization) are presented. At the end a comparizo
the casting yield of the original and the optimizkgbigns

is carried out.

CASTING TRIAL AND SIMULATION RESULTS-
ORIGINAL LAYOUT

The original casting arrangement depictedrigure 1b
was cast using the process parameters indicatetiein
beginning of this paper. The casting was then seet,
etched and surface treated to provide information
regarding its microstructure and mainly solidifioat
related issues for further comparison with the niicaé
solution.Figure 3 shows the lower part of the casting, i.e.
vertical cut through the part.

In that figure, two types of solidification inducel@fects
are found. The first one is a shrinkage porosityictvh
formed in the centre of the casting section. As$ @oint it

is quite difficult to estimate the exact type ofgsity, i.e.
centerline porosity or shrinkage porosity. Moselikthis
defect occurred due to limited feeding ability bétriser.

In other words, the problematic area is out ofeffective
feeding distance of the top riser. The second tyfpthe
defect is referred to as channel segregation, namel
and V-type. This defect formed most likely due to a
improper solidification pattern caused by inadequat
cooling from the chills. Local remelting occurred the
mushy zone giving rise to open channels of highly
segregated liquid.

Fig. 3. Results from the casting trial- presence of
porous areas and bands of macrosegregation,
(Courtesy of Vitkovice Heavy Machinery, a.s.).

The same casting layout was simulated, both wisheet
to filling and solidification. The filling analysiprovides
proper temperature fields inside the casting foe th
subsequent solidification analysis. The thermallyaisa
during solidification evaluates the effectivity tiie top
riser and the cooling ability of the chills placaeund the
cylindrical section of the cast part.



In Figure 4 it is seen that during the solidification
process, particularly at 45 % solidified, there are
indications of choking off liquid pools in the lowe
cylindrical section of the casting. When the liquitelt
supply is cut off and drained, areas solidifyingt laill be
short of melt so when they are going to solidify no
compensation for the volumetric shrinkage will be
available, forming a hot spot and leading to shagek
porosity, Figure 5. The chills cool the cylindrical section
faster, compared to the bottom area in which ttaing
rate is lower due to the enlarged cross-section ramd
chills. No other issues with isolated liquid aremisich
would cause shrinkage porosity have been spottedgiu
solidification. A remedy would be either to increathe
thickness of the chills towards the bottom areatmr
redesign the gating system so that there is a ehtanadd

a chill plate underneath the casting bottom. Captifithe
bottom of the casting would be significantly proeubt
and progressive directional solidification towaths riser
would be established.

Fig. 4. Indication of an isolated liquid pool in th e lower

area of the cast part at 45% solidified.

Fig. 5. Presence of shrinkage porosity caused by
improper feeding during solidification.

Figure 6 shows the numerically predicted presence of
centerline porosity, i.e. represented by the Niyama
criterion, in the lower casting area together witisults
obtained from the casting trial. It is seen thateiad, the
porous areas occured in the casting where thetésbla
liquid pool was once present and in the area whiabut

of reach of the riser’s effective feeding distariamking

at the size of the defect area, a very good agneewi¢h

the numerical solution is seen. The close cor@lasilso
justifies the use of the Niyama threshold valu®.dbt for
this particular steel alloy. However, it should be
emphasised that the geometrical extension of the
shrinkage obtained numerically, to some extend is
approximate due to its dependecy on the mesh gualit

Fig. 6. Prediction of the centerline macro/micro
shrinkage and its experimental validation obtained
from the foundry.

Figure 7 is a plot of the predicted convection patterns in
the bulk liquid and mushy zones during solidifioati
namely at 7, 11 and 20% respectively. The vectors
indicate the direction and velocity of both, thguid and
the mush during solidification. Based on this infiation
one can estimate whether channel segregates witl t@
not, and where. In essence, just due to densitygdsathe
solidifying elements in the mush have higher dgrsian
the liquid in the central areas and thus they sgliiment
down and push the lighter liquid upwards. Howeveg,
strong upward flow within the solidifying mush ocsu
this could indicate that a narrow channel has logpeamed,
local remelting has occured and highly segregatpdd
can flow through, giving rise to a freckle. Inditigcit
implies that the cooling ability of the surroundiaigjlls is
poor to retain steep thermal gradients and thysdeent
upward, localized flow. Obviously in practice itngarly
impossible to completely avoid channel segregadione
the geometry of the casting together with the shaphe
chills and of the riser would have to be designed
extremely well and still it would not be 100% stinat no
problems would occur. Although, by establishingaper
directional and progressive solidification pattgratential
freckles can be either "pushed” deep into the ngssio
that they do not show on the surface during manbini
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